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PREFACE. 



Thb present work is introductory in the sense that only 
elementary methods of treatment are made use of throughout, 
and that no attempt is made to cover the entire field of con- 
tinuous current engineering. The aim of the author has been 
to present the reader with a simple and by no means exhaustive 
account of the component parts of a continuous current lighting 
and power plant — dynamos, motors, secondary cells, measuring 
instruments, etc. The selection and arrangement of these com- 
ponent parts to form a connected system are subjects lying 
outside the scope of this work. 

Although introductory in the sense explained above, the work 
is not intended for absolute beginners, and an elementary 
knowledge of magnetism and electricity is assumed on the part 
of the reader. 

The author's thanks are due to the various firms who kindly 
supplied him with information relating to their manufactures, 
especially to Messrs. Crompton & Co., Ltd., Messrs. Morris and 
Lister, and Messrs. G. A. Parsons & Go. 

The illustrations have all been specially prepared for the 
work, and the author desires to acknowledge his great indebted- 
ness to his friend, Mr. A. P. Thurston, B.Sc, for valuable help 
' in the preparation of a number of drawings. 

A. H. 

London, N.W. 

September, 1907. 
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Page 68, line 9 from top, /or " § 178 " read " § 171." 
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CHAPTER I. 



§ 1. Electro-magnetic C. G. S. system of units — § 2. Force on conductor in 
magnetic field — § 8. Theorem concerning m.m.f. around closed curve — 
§ 4. Force between two parallel wires — § 5. Principle of electro-magnetic 
induction — § 6. Electric discharge due to change of flux — § 7. Practical 
system of electric units. Examples. 

§ 1. Electro-magnetic C. O. S. System of Units. 

The practical system of electrical units is based on the G. G. S. 
electro-magnetic system. It will be convenient to recall briefly 
the definitions of the more important electrical miits in this 
latter system. 

The absolute or C G. S. unit of current is a current which, 
when flowing in a conductor in the form of a circle of 1 cm. 
radius, produces a magnetic force of 2ir units at the centre of 
the circle. 

When a unit current has been allowed to flow in a circuit for 
one second, a positive unit electiic charge or quantity, or unit 
quantity of electncity, is said to have been transferred across 
every cross-section of the circuit, or to have passed round the 
circuit, in the direction of the current. 

The difference of electric potential, generally denoted by " p.d.," 
between two points is the work done in transferring unit electric 
quantity from the one point to the other. If in passing from a 
point A to a point B we find that work has to be done against the 
electric forces during the transfer of the (positive) unit quantity, 
B is said to be at a higher potential than A ; if work is done by 

C.C.E. B 
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the electric forces (corresponding to a gain of work), A is at a 
higher potential than B. From the above definitions of " higher " 
and " lower " potential it follows that a positive charge always 
tends to move from places of higher to places of lower potential. 

If instead of transferring a unit charge from one point to 
another we carry it completely round a closed curve, thus return- 
ing to the starting-point, then the total work done during the 
journey is defined to be the electro-viotive force, or e.m.f,, around 
the closed curve or circuit. 

Since p.d. and e.m.f . are essentially of the same nature, it is 
obvious that they are measured in terms of the same unit (erg/ 
unit quantity). They are frequently used indiscriminately, and 
there are writers who speak of " the e.m.f. between two points.*' 
Besides being incorrect, this somewhat slovenly practice is liable 
to give rise to confusion. The e.m.f. of a dynamo or motor, for 
example, is by no means identical with its terminal p.d. 

From the definitions of p.d. and quantity it follows that the 
power in any part of a circuit in which the current is i and 
across which the p.d. is v is given by the product of p.d. into 
current, i.e., by v i. For since i units of electric quantity are 
transferred per second from one end of the portion of the circuit 
considered to the other, and since during the transfer v units of 
work are done on each unit quantity, the work done per second, 
which is the power, is equal to v i. If instead of considering a 
portion only of the circuit we take the entire circuit, it is evident, 
from what has just been said, that the total power is the product 
of the e.mf. into the current. 

The flow of a current through a conductor is always found to 
be accompanied by an evolution of heat. Heat being a form of 
energy, the rate of heat production is expressible in ergs per 
second, i.e., in terms of the power unit. Experiment shows that 
in a given conductor maintained in a constant physical state (as 
regards temperature or stress) the rate of heat generation is 
proportional to the square of the current. If, therefore, t denote 
the current, the rate of heat production (in power units) may be 
written in the form r i\ where r is a constant depending on the 
material, size and shape of the conductor, and on its physical 
state as regards temperature and stress ; so long as these remain 
unaltered, r does not change with the current. This latter result 
is known as Ohm's law, and r is defined to be the resistance of 
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the conductor. Thus a conductor is of unit resistance if the rate 
at which heat is generated in it by unit current is equal to the 
unit of power. 

If the p.d. across the ends of a conductor of resistance r be r, 
and if a current i be then found to flow through it, it follows, 
since the entire power is assumed to be spent in heat production, 

V 

that i; t = r ^^ or that r = -. Hence the resistance of a con- 

duclor may be defined as the ratio of the p.d. across its ends to 
the current flowing through it, and Ohm's law asserts that this 
ratio, for a constant physical state of the conductor, is indepen- 
dent of the current. 

Under ordinary working conditions, no steps are taken to 
maintain the temperature of conductors constant, and hence, 
owing to the rise of temperature with increase of current, the 
resistance generally increases with increase of current. This 
increase of resistance is frequently utilised for the purpose of 
determining the temperature rise. 

The resistivity of a given material, in C. G. S. units, is the 
resistance between opposite faces of a cube whose edge is 1 cm., 
the flow of current taking place parallel to the edges which are 
perpendicular to the two faces. 

The capacity of a condenser is the charge corresponding to 
unit p.d. across its terminals. 

From the above definitions we can immediately deduce some 
important results. 

§ 2. Force on Conductor in Magnetic Field. 

Considering the definition of unit current, we see that since the 
force exerted by the circle of wire on the unit pole supposed to 
be placed at its centre is equal and opposite to the force exerted 
by the unit pole on the circle, this force amounts to %r dynes 
(the current in the circle of wire being assumed to be one C. G. S. 
unit). Hence each cm. length of the circle experiences a force of 
1 dyne if a unit pole is placed at its centre. This force, it must 
be noted, is perpendicular to the wire at every point, and perpen- 
dicular to the (unit) magnetic field produced at every point of the 
wire by the unit pole. Since the only effect due to the pole is the 
production of a radial magnetic field at the wire, it follows that 

b2 
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if the circle of wire be opened out so as to form a straight con- 
ductor, and if at the same time we substitute for the unit pole 
some arrangement of magnets or coils such that at every point 
of the straight wire the magnetic field will still be perpendicular 
to the wire and of unit intensity, the force acting on every cm. 
length of the wire will remain unaltered — i.e., it will amount to 
1 dyne. The direction of this force is perpendicular to the wire 
and to the magnetic field. If the field intensity or current be 
increased in any ratio, the force will be increased in the same 
ratio (since a current is regarded as proportional to its magnetic 
effect). If, therefore, we have a wire I cms. long, conveying a 
current of t C. G. S. units, and placed with its length at right 
angles to a magnetic field of intensity H, the total force acting on 
the wire is Z H i dynes. The direction of the force is easily 
determined by Fleming's rule.* 

If the wire just considered be displaced through a distance d 
in the direction of the force, the work done will be Z H i.d = i.l d H. 
But since Z d is the area swept out by the wire during the motion, 
and H the number of unit magnetic lines per unit of this area, 
it follows that Z d H is the number of lines cut by the wire 
during the motion. Hence if a circuit, or part of a circuit, be 
made to cut a number of magnetic lines, the work done during 
the process is equal to the product of the current into the number 
of lines cut. 

§ 3. Theorem concerning M.M.F. around Closed 

Curve. 

Consider any closed curve which is linked with a circuit con- 
veying a current of i C. G. S. units. Let a unit magnetic pole 
be carried round the closed curve. Since the unit pole gives 
rise to 4ir unit lines, 4ir lines will cut the circuit during the 
motion. Hence, by what has been said above, the work done in 
carrying the unit pole around the closed curve is L Air, or 4f7rL 
Now the work done in carrjdng a unit pole around any closed 
curve is defined to be the viagneto-motive force^ or m.m.f., around 

* The thumb, forefinger, and middle finger of the left hand being held at right 
angles to each other, the hand is placed so that the /orefinger is along the direction 
of the magnetic /leld, and the middle finger along the direction of the current (t . 
The thumb will then indicate the direction along which the wire tends to move, 
t.0., the direction of the force acting on the wire. 
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that carve. The result just obtained may therefore be stated as 
follows : — 

The m.m.f. around any closed curve which is linked with an 
electric circuit conveying a current of i C. O. S. units is equal to 
4iri. 

This result is of immense importance, theoretical and practical, 
and forms one of the great fundamental principles of electro- 
magnetism. The most convincing proof of it is furnished by the 
fact that the consequences deduced from it have invariably been 
found to agree with the results of experiments. 

A very simple application of this principle enables us to 
calculate the magnetic force at a given distance from a very long 
straight wire carrying a current of i C. G. S. units. Experiment 
shows that the field due to such a current consists of circular 
lines of force having their centres on the axis of the wire. Con- 
sider the m.m.f . around a circular Une of force of radius = r cms. 
By symmetry, the value of H is constant along such a Une, and 
since H is, by definition, the force acting on a unit pole, the 
work done in carrying the unit pole around the circle is H X 2xr. 
But by the fundamental principle established above, the m.m.f. 

2i 

around the circle is also 4iri. Thus H. 2irr = 4irt, or H = — . 

' r 

The magnetic force is thus shown to vary inversely as the distance 

from the wire. 



§ 4. Force between two Parallel Wires. 

The above expression for H enables us to determine the 
attraction or repulsion between two parallel straight wires con- 
veying currents of i and i' C. G. S. units. At every point of the 
second wire there is a magnetic field — due to the current in the 

2i 
first wire — of intensity --. Hence every cm. length of the second 

2i ii' 

wire experiences a force of — . i' or -7-dynes (§ 2). The force is 

therefore proportional to the product of the two currents, and 
inversely proportional to the distance apart of the wires. If we 
suppose each current to be unity, and the distance between the 
wires to be 1 cm., we see that the force per cm. length of either 
wire is 2 dynes. 
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§ 5. Principle of Electro-magnetic Induction. 

In 1831, Faraday made the important discovery that an e.m.f. 
could be generated or " induced ** in a circuit by causing it to cut 
magnetic lines so as to produce changes in the total number of 
lines, or total magnetic flux, linked with the circuit. Let us 
imagine part of the circuit to consist of a straight wire capable 
of gliding with its ends on two conducting rails, so that as the 
motion takes place the wire cuts the lines of a magnetic field of 
intensity H which we shall suppose to be at right angles to the 
moving conductor and to its direction of motion. Let at a given 
instant the velocity be v cms. per second, the e.m.f. e, and the 
current i. Then the electrical power is e L Neglecting friction, 
the mechanical power required to maintain the motion is force X 
velocity = Kli v, since by § 2 the force acting on the conductor 
is H Z I. Now by supposition the entire mechanical power is 
transformed into electrical power, and we must have ei = 11 liv, 
or e = B. I V. But H i r is the number of lines cut per second 
by the conductor. We thus have the following result : — 

Ilie e.m.f. induced in a conductoi' which moves across a magnetic 
field is equal to the rate at which it is cutting magnetic lines. 

Since the lines cut are added to (or subtracted from, according 
to the direction of motion) the closed circuit of which the con- 
ductor forms part, the above result may also be expressed in the 
following alternative form : — 

The e.m.f. induced in any closed circuit is numerically equal to 
the rate at which the number of magnetic lines linked with the 
circuit is changing. The direction of this e.m.f. is always such 
as to oppose the change which gives rise to it (Lenz's law). 

§ 6. Electric Discharge due to Change of Flux. 

Consider a circuit of resistance r, with which there is linked 
a magnetic flux N. Let this flux be rapidly withdrawn during 
a short interval of time t. The mean e.m.f. induced in the 
circuit is N/f , and hence the mean current is N/t r. Since this 
current lasts t seconds, the quantity which passes around the 
circuit is N/r. Thus by withdrawing N magnetic Unes from a 
circuit of resistance r we cause the discharge of N/r units of 
quantity around the circuit. 
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§ 7. Practical System of Electric Units. 

Many of the C. G. S. units considered are not very convenient 
for practical use, being either too small or too large. This fact 
led to the adoption of the following practical system of units : — 

The practical unit of current is the ampere, and is equal to 
one-tenth or IQ-^ of the C. G. S. unit. 

The practical unit of quantity (ampere-second) is the coulomb, 
and is equal to 10"' of the C. G. 8. unit. 

The practical unit of p.d. and e.m.f. is the volt, equal to 10® 
C. G. S. units. 

The practical unit of power (volt-ampere) is the watt, equal to 
10^ (= 108 X 10-') C. G. S. units. 

The practical unit of electrical energy (watt-second) is the 
joule, equal to 10'' C. G. S. units. 

The practical unit of resistance (volt/ampere) is the ohm, equal 
to 10» (= 10«/10 ') C. G. S. units. 

The practical unit of capacity (coulomb/volt) is the farad, 
equal to 10-« (= lO-'/lO®) C. G. S. units. 

Even the above practical units are frequently either too large 
or too small in connection with many applications. The prefix 
mUli- is in some cases used to denote the thousandth part of the 
unit to which it is prefixed. Thus, 1 milli-ampere = 10~^ 
ampere; 1 milli-volt = 10~^ volt. The prefix kUo- denotes a 
unit which is a thousand times the unit to which it is prefixed. 
Thus, 1 kilovolt = 10^ volts ; 1 kilowatt = 10^ watts. The 
prefix micro- means " one milUonth of," while the prefix viega- or 
meg- means "one million times." Thus, 1 micro-ampere = 10"^ 
ampere ; 1 microhm = 10"® ohm ; 1 megohm = 10® ohms. 
. A unit of quantity very frequently used in practice is the 
ampere-hour. This is equal to 60 ampere-minutes, or to 60 X 
60 = 3,600 ampere-seconds or coulombs. 

The output of generators is generally expressed in kilowatts. 

The commercial unit of electrical energy is the Board of Trade 
Unit. This is represented by a kilowatt-hour, and hence is equal 
to 10^ X 3,600 joules or watt-seconds. 

The unit of power up to the present generally used by 
mechanical engineers is the horse-power (denoted by h.p.), which 
represents 550 ft. Ibs./sec. Since 1 ft. = 80'48 cms., and 1 lb. 
weight = 4536 grammes weight = 453-6 X 981 dynes, we have 
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1 ft. lb. = 13-56 X 10« ergs. Hence we find that 1 h.p. = 746 
X 10'' ergs/sec. = 746 watts. 

Examples. 

1. A current of five amperes is found to generate in five 
minutes heat equivalent to 90,000 joules when flowing through a 
certain conductor. Find the resistance of the conductor, in 
ohms. 

2. A cable whose resistance is "02 ohm conveys a current of 
100 amperes for two hours, a current of 200 amperes for three 
hours, and a current of 50 amperes for eight hours. If the cost of 
generating a Board of Trade unit is Id., what is the money value 
of the energy lost in the cable ? 

3. A current of 250 amperes is to be supplied to a distant 
point from a generating station, and it is desired that the drop 
along the cables should not exceed 20 volts. Find the horse- 
power wasted in the cables. 

4. A closed curve is divided into two unequal portions, the 
length of the first being 10 inches and that of the second one-eighth 
of an inch. The magnetic force is everywhere along the curve, 
having a value of 30 C. G. S. units along the first portion, and 
a value of 10,000 along the second, its direction being in the 
same sense around the curve in each case. Find the total 
current, in amperes, which must be linked with the closed curve. 

5. Two wires, conveying currents of 100 and 80 amperes, are 
placed parallel to each other at a distance apart of 4 inches. 
Find the force, in lbs. weight, per yard of either wire. 

6. The total resistance of a circuit is 2,000 ohms, and there is 
a magnetic flux of 2*56 X 10^ C. G. S. units linked with the 
circuit. The flux is suddenly reduced to 1*2 X 10^ units. Find 
the quantity, in micro-coulombs, which will pass round the 
circuit. 

7. A conductor 18 inches long carries a current of 50 amperes, 
and is placed with its length perpendicular to a magnetic field of 
intensity 6,000 C. G. S. units. Find the pull, in lbs. weight, 
acting on the conductor. 



CHAPTER II. 

§ 8. Electro-magnets — § 9. Magnetic induction— § 10. Magnetic force — § 11. Rela- 
tion of magnetic force to magnetic induction — § 12. Demagnetising force— 
§ 18. Retentiveness— § 14. Action of keepers—^ 16. Ageing of magnets — 
I 16. Use of specimen in form of closcil ring — § 17. Calculation of H from 
am pere- turns— § 18. Units of magnetic force — § 19. Variation of H over 
cross-section of ring — § 20. Determination of B— § 21. Standard solenoid — 
§ 22. Calibration of ballistic galvanometer— § 28. Precautions to be observed 
in ballistic ring test — § 24. Numerical data for materials used in dynamo 
construction — § 25. Hysteresis loop — § 26. Determination of hysteresis loop — 
§ 27. Calculation of energy dissipated during a magnetic cycle — § 28. Stein- 
metz's law. Examples. 

§ 8. Electro-magnets. 

It is a well-known fact that the introduction of a core of soft 
iron into a coil carrying a current enormously increases the 
magnetic effect due to the coil, ^ch a combination of coil and 
core forms an electro-magnet, and the very intense magnetic fields 
used in dynamos, motors, &c., are produced by means of electro- 
magnets. It will readily be seen that the problem of pre- 
determining, more or less accurately, the field intensities 
corresponding to given arrangements of electro-magnets, or the 
converse problem of designing an electro-magnet to produce a 
field of given intensity over a given region, is of fundamental 
importance to the electrical engineer. In the present chapter we 
propose to consider the more important properties of the 
magnetic materials (all varieties of iron) used in electrical 
engineering, and to explain the principles underlying the design 
of electro-magnets. 

§ 9. Magnetic Induction. 

When a mass of magnetic material is introduced into a 
magnetic field, it becomes magnetised, and the degree of 
magnetisation at any point of the mass may be estimated by 
determining the number of magnetic lines which pass across 
every sq. cm. of a narrow gap formed 'in the neighbourhood of 
the point considered, the direction of the walls bounding the gap 
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being so chosen that the lines crossing the gap are at every point 
exactly perpendicular to the walls. The number of lines 
per sq. cm. of such an (imaginary, infinitely narrow) gap — or, 
what amounts to the same thing, the force, in dynes, which 
would be exerted on a unit magnetic pole if introduced into the 
gap — is defined to be the magnetic indttction, or the iiuhiction 
simply, at the point considered. The greater portion of the force 
which would be exerted on a unit pole placed in the gap is in 
most cases due to the development of magnetic polarity over the 
walls of the gap when the gap is cut ; the direction of the cut 
being, in accordance with what has been mentioned above, so 
chosen as to develop the strongest possible polarity on the walls. 
The magnetic induction at any given point inside a mass of 
magnetic material may therefore be taken as a measure of the 
magnetic condition of the material at that point. Magnetic 
induction is generally denoted by the letter B, and it obviously 
has a definite direction (corresponding to the direction of the 
force which would act on a unit north pole if placed in the 
imaginary gap) as well as magnitude — i.e., it is a vector 
quantity. 

§ 10. Magnetic Force. 

Although, as stated above, in most cases the greater part of 
the force exerted on the unit pole in the gap is due to the 
presence of magnetic polarity on the walls, a portion of it — 
generally an extremely small fraction — is independent of this 
magnetic polarity, i.e., independent of the magnetic state of the 
material in the immediate neighbourhood of the point con- 
sidered. It is, in fact, the presence of this latter component of 
the total force acting on the unit pole that determines (among 
other things) the value of the induqtion. This component is 
defined to be the magnetic force at the point in question. We 
could find its value if the magnetic polarity over the walls of our 
gap were destroyed (everything else, however — such as magnetic 
polarities in other regions, if present — remaining undisturbed). 
This it is impossible to do, but we can obtain a precisely 
equivalent result by supposing our original gap closed up, and 
instead of it a cavity formed around the point considered whose 
walls are everywhere parallel to the direction of the lines of force 
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inside the cavity ; the cross-section of the cavity being supposed 
to be extremely (infinitely) small. It is clear that inside such a 
cavity the value of the force which would be exerted on a unit 
pole is independent of the magnetic condition of the material in 
the immediate neighbourhood, since there is now no magnetic 
polarity on the walls ; and that this value is identical with that 
which would have been obtained in the first case (the gap with 
maximum polarity on its walls) had it been possible to wipe out 
the magnetic polarity on the walls without interfering with 
anything else. The force exerted on a unit pole when placed 
in a cavity of the second kind — a cavity whose walls nowhere 
exhibit magnetic polarity — is, as already stated, defined to be 
the magnetic force at the given point, and is generally denoted 
by H. 



§ IL Relation of Magnetic Force to Magnetic 
Induction. 

As students frequently (almost invariably) find a good deal of 
difficulty in grasping the difference between H and B, it may be 
well to point out the essence of this difference. The relation 
connecting H and B is one of cause and effect. The application 
of a given H at any point of a magnetic material produces a B 
at that point whose value depends on the nature of the material. 
B measures the local magnetic state of the material, H being 
independent of this local state. 

It is obvious that in the case of air or any other non-magnetic 
material, B has the same numerical value as H. 

The relation connecting B and H is a complicated one, and the 
exact determination of this relation when we start with the 
specimen in a non-magnetic condition and steadily increase H is 
one of the most important of magnetic tests. The results of 
such a test are generally exhibited graphically, by plotting H 
horizontally and B vertically. The curve so obtained is known 
as the B'H curve for" the given material. 

A known value of H may be produced by sending a current 
through a coil of wire of suitable shape — the shape being selected 
so as to render it possible to calculate H by an application of the 
great theorem regarding m.m.f. (§ 8). 
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§ 12. Demagnetising Force. 

Imagine a uniform magnetic field of known intensity H over a 
certain region (such a field might, for example, be produced 
in the interior of a long solenoid — § 21), and suppose a mass of 
magnetic material to be introduced into this field. The mass 
becomes magnetised, and will in general develop magnetic 
polarity over certain regions of its surface. Now the magnetic 
poles so formed will react on the original field which was the 
primary cause of the magnetisation, and will modify the original 
value of H. The actual value of H at any point inside the 
material will therefore be different from its original value, and 
will in general no longer be uniform, but will vary from point to 
point, being the resultant of the original uniform field and the 
field due to the polar surfaces developed by the specimen. If, 
for example, we consider a specimen in the form of a cyUnder 

placed with its axis along 
N S the direction of the (origi- 
nally uniform) field, it will 
acquire magnetic polarity 
, m .11 . . J ... i> . « over its end surfaces (the 

Fig. 1. — To illustrate demagnetising cflEect of i -i .,1 j. i_ i.* i 

poles in permanent magnet. polarity Will not be entirely 

confined to the plane end 
surfaces, but will also extend along the cylindrical surface), as 
indicated by the letters N and S in Fig. 1. The direction of the 
original field is from right to left, as shown by the vector H. If 
now we consider the middle point of the cylinder, then, in order 
to determine the actual value of the magnetic force at this point, 
we must, in accordance with the explanations given in § 10, 
imagine the cylinder pierced with a long cylindrical hole (of 
infinitely small cross-section), as shown by the dotted lines in 
Fig. 1, there being no magnetic polarity over the surface of such 
a hole. If we imagine a unit north pole placed at the middle of 
the hole, then it is obvious that if the original uniform field could 
be wiped out without destroying the magnetisation of the speci- 
men, the unit pole would be acted on by a definite force H', due 
to the polarity of the cylinder, having a direction from left to 
right — i.e., a direction opposed to that of the originally existing 
field. It is evident, therefore, that the actually existing magnetic 
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force at the middle point of the cylinder is H — H'. We may 
conveniently speak of H' as the dernagnetisiriff force. 



§ 13. BetentivenesB. 

As is well known, a bar of steel if introduced into a magnetic 
field is capable of retaining a very large amount of its magnetisa- 
tion after the withdrawal of the original field which caused the 
magnetisation. This property of steel is spoken of as its 
retentivenesa. But although the magnetism is retained, there is 
a field inside the bar, due to its polarity, which, as we have just 
seen, tends to destroy the existing magnetisation. Every magnet, 
in fact, which exhibits magnetic polarity over any portions of its 
surface tends to demagnetise itself. If the demagnetising force be 
considerable, then the slightest 
mechanical disturbance — a 
slight jar or blow — will cause 
the magnet to lose a consider- 
able amount of its magnetisa- 
tion. It is therefore evident 

that no magnet can be rendered p,«. 2._to m„strate action of kee^iTr. 
practically permanent — i-e., 

capable of maintaining its original magnetisation in spite of 
mechanical or other disturbances — unless the demagnetising force 
is made sufficiently small. Now for a given value of the 
magnetic induction, the average demagnetising force along the 
magnet will decrease with decreasing cross-sectional area and with 
increasing length of the magnet ; for by decreasing the trans- 
verse dimensions we decrease (the induction remaining constant) 
the pole-strength ; and by increasing the distance apart of the 
two poles, we decrease the average magnetic force between them. 
Hence a magnet ivhich is intended to be permanent should have a 
length great in comparison with its cross-section. 

§ 14. Action of Keepers. 

The action of keepers (or armatures) in connection with 
magnets will now be understood. If across the poles of a 
magnet N S, Fig. 2, we place a "-shaped massive piece of 
soft iron, the external poles N and S of the magnet will be 
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neutralised — so far as regards any magnetic force due to them — 
by the nearly equal and opposite poles S' and N' induced at the 
ends of the keeper. The demagnetising force is thereby sup- 
pressed, and the magnet better enabled to retain its magnetisa- 
tion. A keeper placed across the poles of a horse-shoe magnet 
has a similar effect. 

§ 15. Ageing of Magnets. 

Permanent magnets are largely employed nowadays in numer- 
ous measuring instruments (ammeters, voltmeters, &c.), whose 
reliability depends on the constancy of the magnets. It is found 
that although a steel magnet will take a high degree of magnetisa- 
tion, yet on withdrawing the magnetising force the magnetisa- 
tion will be gradually weakened. Such a magnet will not be 
suitable for purposes where constancy is an important considera- 
tion. The magnetisation disappears at a fairly rapid rate at 
first, then more and more slowly, and after a very long interval 
— a number of years — it settles down to a fairly constant value. 
As the magnetisation decreases, the demagnetising force also 
decreases, and so the magnetism becomes more stable. It will 
be evident from this that in order to secure constancy in a 
magnet the magnetisation should not exceed a certain limit. 
The limit to which it is safe to go depends on the magnetic 
quality of the steel. In the case of good tungsten steel magnets,* 
the maximum value of B, which occurs at the middle cross- 
section, may reach 5,000. As it would obviously be inconvenient 
to wait until the magnetisation became steady in course of time, 
an artificial process of ageing is resorted to by instrument 
makers. The magnet is first magnetised very strongly, and is 
then deprived of its unstable magnetisation by the application of a 
feeble alternating magnetic force, or by repeated blows, plungings 
into boiling water, &c., until it is found that any further course 
of ill-usage does not appreciably affect its magnetisation. The 
latter may now be regarded as stable. It may be noted that a 
similar result could not be produced by simply imparting to the 

* The best permanent magnets are made of steels containing a small percentage 
of the metal tungsten. Madame Curie, who carried out an important scries of 
investigations on permanent magnets in 1897 (see Comptes Bendus^ December 27th, 
1897), found that a still greater improvement could be effected by the use of 
molybdenum. 
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steel a weak initial magnetisation; such magnetism would 
entirely lack the stability secured by the former method of treat- 
ment. The eflFect of a given demagnetising force on a magnet 
is, in fact, entirely different according to the way in which the 
given state of magnetisation has been reached (this is due to 
hysteresis : see § 29). 



§ 16. Use of Specimen in Form of Closed Ring. 

We have seen that when a given H is applied to a specimen of 
magnetic material, the polarity in general acquired by the speci- 
men reacts on the original field, thereby altering the value of H. 
A known original value of H may be 
applied by the aid of a coil of suitable 
shape. But the demagnetising force 
brought into play by the magnetic 
polarity of the specimen cannot be 
accurately calculated except in a very 
teVr cases,* with the result that the actual 
H inside the magnetised specimen is 
unknown. Thus accurate determinations 
of the relation connecting B and H 
become impossible unless we adopt some 
method of wiping out the demagnetising 
force. The only way of doing this is to 
prevent the magnetised specimen from 
developing magnetic poles anywhere along 
its surface. One very simple and effective 
method of securing this result is to use the specimen in the form 
of a closed ring, and this is accordingly the method adopted in 
cases where the highest possible accuracy is desired. The ring 
is magnetised in a circular direction by means of a coil which 
is uniformly distributed around it, and since everything is 
symmetrical, the lines of magnetic induction inside the ring will 
follow circular paths concentric with the ring, and will nowhere 
leave it, so that there will be no formation of magnetic poles 
at any point on the surface of the ring, and hence no demagne- 
tising force. The value of H at any point in the interior of the 




Fig. 3.- 



Ring for ballistic 
tests. 



* Those of ellipsoids of revolution. 
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ring will be identical with that which would exist were the ring 
entirely removed from the Interior of the ring-shaped coil. 

The ring used in the determination of a B-H curve may 
conveniently have an external diameter of about 8 inches, a 
radial depth of from ^ inch to ^ inch, and a breadth parallel to 
the axis of about 1^ inches. Such a ring is shown in Fig. 8. 
The ring having been insulated, an " exploring " or " secondary " 
coil of some 200 turns of thin silk-covered copper wire (about 
No. 30 S.W.G.) is wound around part of the ring (this coil need 
not be uniformly distributed around the entire ring). A 
uniformly distributed exciting coil, arranged in one or more 
layers, is next wound round the ring (this coil may conveniently 
consist of two layers of No. 16 S.W.G., or four layers of No. 18 
S.W.G.). 



§ 17. Calculation of H from Ampere-turns. 

The value of H corresponding to any current is easily deter- 
mined by the aid of the great theorem regarding m.m.f. (§ 3). 
If we consider any circular line of force inside the coil as the 
closed curve around which the m.m.f. is to be determined, then 
it follows from symmetry that H has the same value at every 
point of this circular curve, and if the radius of the circle be 
r cms., the m.m.f. around it is H %rr. Now if the coil conveys 
a current of i C. G. S. units, and contains Si turns, the total 
C. G. S. current linked with the circular line of force is Si?. 
Hence (§ 3), 

H . 27rr = 4Tr Si t, 

XT _ 2 Si t 
or ±1 = — —, 

r 

a 

If the current be V amperes, then i = ^^^ , and 

2S.t' 

^-^oT- 

The product of the turns and amperes in the coil is spoken of 

4w 
as the ampere-tuiTis of the coil. Since the m,m,f . (4ir Si i = rjv Si £') 
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is proportional to the ampere-turns, the ampere-turn is frequently 
used as a practical unit of m.m.f., and we clearly have 

1 C. G. S. unit of m.m.f. = — or '7955 ampere-turn,* 

and 1 ampere-turn = — or 1-257 C. G. S. units of m.m.f. 



§ 18. Units of Magnetic Force. 

If we choose a unit of magnetic force such that along any 
closed curve the product of the mean magnetic force, expressed 
in terms of this unit, into the length of the curve gives us the 
m.m.f. in ampere-turns around it, then in terms of this unit the 
magnetic force will be equal to the ampere-turns, divided by the 
length of curve. Thus the unit of magnetic force corresponding 
to the ampere-turn as a unit of m.m.f. is the ampere-turn per 
unit of length. Two such units of magnetic force have been 
used, corresponding respectively to the cm. and the inch as units 
of length. The relations connecting these units with the G. G. S. 
unit of magnetic force are as follows : — 

1 ampere-turn per cm. length = 1*257 C. G. S. units ; 

1 ampere-turn per inch length = 57^2 or '8937 of an ampere- 
turn per cm. length = '4947 C. G. S. unit ; 
and 1 G. G. S. unit of magnetic force = *7955 of an ampere- 
turn per cm. length = 2*021 ampere-turns per inch. 
If, therefore, we denote the magnetic force when expressed 
in G. G. S. units by H, then the factors converting H into 
ampere-turns/cm. and ampere-turns/inch are '7955 and 2*021 
respectively. 

§ 19. Variation of H over Cross-section of Ring. 

The expression obtained in § 17 for the value of H inside our 
ring-shaped coil shows that H is not uniform over the cross- 
section of the ring, but decreases in the inverse ratio of the 

* As an approximation sufficient for many practical purposes, 1 0. G. S. unit of 
m.m.f. may be taken to be equal to '8 of an ampere-turn. Thus a given m.m.f. 
expressed in ampere-tums is equal to *8 times the same m.m.f. expressed in G. G. S. 
units. 

C.C.E. 
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distance from the axis of ring as we proceed from its inner to its 
outer boundary. This variation of H is graphically represented 
in Fig. 4 for a ring the ratio of whose external and internal radii 

is 10 : 6. It will now 
be understood why in 
using ring-shaped speci- 
mens it is advisable to 
make the radial thick- 
ness of the ring small 
in comparison with its 
mean radius. For in 
that case the value of 
H will vary but little 
over the cross-section 




Fig. 4. — ^Variation of H over cross-section of ring. 



of the ring, and we may without serious error assume it to be 
nearly uniform and equal to the value which it has along the 
mean circle. We therefore assume the value of H to be given by 

^--loT-' 

where ?•« is the mean radius of the ring, in cms., i' the current 
in amperes, and Si the total number of turns in the exciting 
coil. 



§ 20. Determination of B. 



Let the cross-section of the ring be a 




B*LL>rClC 

GALVANOMITCR 



^LUG SWITCH 



Fig. 5.*-Connections of secondary circuit in ballistic 
ring tests. 



sq. cms., and let us 
suppose that the in- 
duction obtained in 
the ring with a cer- 
tain current flowing 
round the exciting 
coil is B. Then the 
total number of mag- 
netic lines, or the 
total magnetic fixiXy 
linked with each turn 



of either coil is Ba, and if the number of turns in the secondary 
or exploring coil (§ 16) be S2, the total flux linked with this 
coil = flux per turn x number of turns = BaSg. Let this coil 
be connected to a ballistic galvanometer (i.e., one having a long 
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period or time of swing), and, if necessary (in order to reduce 
the swing or throw to a readable amoimt), in series with an addi- 
tional resistance, the connections being arranged as in Fig. 5 
(in which the exciting or primary coil is omitted, for the sake of 
simplicity). Let the total resistance of this secondary circuit, 
including secondary coil, galvanometer and additional resistance, 
be r' ohms, or 10* r' C. G. S. units. Let now the exciting current 
be reversed, so that the flux linked with the secondary coil changes 
from + BaS2 to - BaSa, corresponding to a total change of flux 
= 2 BaSa. In accordance with the principle -explained in § 6, 

2 BaSa 
this change of flux will cause a discharge of ^Qg , C. G. 8. 

units of electric quantity through the galvanometer, producing a 
momentary deflection or ** throw " of a certain number of scale 
divisions. If the galvanometer has been standardised as explained 
below, the quantity q (in C. G. S. units) corresponding to this 
number of scale divisions is known, and hence we have 

2BaS2 



or 



? - 10» r" 



B = -^TTo- «» 



which enables us to calculate B. 



2aS2 



§ 21. Standard Solenoid. 

The most satisfactory method of standardising a ballistic gaL 
vanometer is by means of a standard solenoid. Such a solenoid 
may be constructed 
by winding about 
fouR or six layers 
of No. 16 S.W.G. 
double cotton-covered 
copper wire on a tube 
of vulcanised fibre or 
other insulating ma- 
terial, about 8 feet long and 8 inches in external diameter, care 
being taken to make the winding perfectly even and uniform. 
The value of H inside such a solenoid is practically uniform 

c 2 




Fia. 6. — To illnstrate determination of H inside 
solenoid. 
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except in the vicinity of the ends, and may be easily calculated by 
an application of the great theorem regarding m.m.f. (§ 8). For 
if we take a closed rectangle A. B C D, as shown in Fig. 6 (where, 
for the sake of simplicity, the solenoid is shown as consisting of 
a single layer of wire), with the sides A B and G D parallel to 
the axis of the solenoid, then since (so long as we are not too 
near the ends) there are no components of magnetic force 
along the radial directions B C and A D, the m.m.f. around the 
rectangleis H X A B + H' x CD, 

where H is the magnetic force inside the solenoid, and H' that 
along G D, outside the solenoid. If we make A B = G D = 
1 cm., then the m.m.f. becomes H + H'- B^* since H' in the 
case of a long solenoid is negligible in comparison with H, we 
may take the m.m.f. around the rectangle considered to be equal 
to H. Applying now the principle of § 3, we have 

m.m.f. = H = ^Si', 

where S is the number of turns linked with the rectangle, and i' 
the current in the solenoid, in amperes. Now since A B = 1 cm.. 
Si' represents the ampere-turns per cm. length of solenoid. 
Thus, at any point in the interior of the solenoid not too near its 
ends, we have 

H = 1'267 X ampere-turns per cm. length of solenoid . . . (1). 
A secondary coil is next constructed, by winding a suitable 
number of turns (of, say. No. 80 S.W.G. double silk-covered 
copper wire) in a single layer on a carefully turned bobbin of 
marble* having a diameter of 2 or 2^ inches. The exact diameter 
of the bobbin is carefully measured before winding it and also 
over the winding, and the mean of the measurements is taken to 
be the mean diameter of a turn of the secondary coil. From 
this the mean area of a turn is obtained. The number of turns 
in the coil may be from 100 to 500. 

§ 22. Calibration of Ballistic Galvanometer. 

The secondary coil is slipped into the standard solenoid so as 
to occupy a position of symmetry, and is connected in series with 

* Boxwood or other well-seasoned bard wood might be used instead of marble if 
price is a consideration, but marble is preferable as being less liable to change its 
form. 
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the galvanometer to be calibrated and an additional resistance of 
such amount as to make the total resistance of the secondary 
circuit equal to r' in § 20 — the total resistance of the secondary 
circuit used in connection with the ring test. A known current 
is then sent through the solenoid, and (the galvanometer being 
allowed to come to rest) the current is suddenly reversed. Then 
the throw obtained corresponds to the discharge of a quantity 
qo given, as in § 20, by 

^ _2HaoSa 

where H is given by (1) of § 21, a/= mean area of each secondary 
turn, S2 = number of turns in secondary coil. 

In many cases, the throws will be found to be nearly propor- 
tional to the quantities, but the law of proportionality should 
not be assumed, and the galvanometer should be calibrated 
throughout its entire scale by varying the current through the 
standard solenoid, and plotting a curve connecting throw with 
quantity. 

The most suitable form of galvanometer for use in connection 
with the above measurements is a moving-coil galvanometer. 

§ 23. Precautions to be observed in Ballistic Ring 

Test. 

In order to secure consistent results, certain precautions must 
be observed. The ring should first be magnetised very strongly, 
and the current reversed a number of times; the current 
reversals are then continued while at the same time, by 
gradually introducing resistance into the exciting circuit, the 
current is slowly weakened and finally reduced to zero. After 
this preliminary magnetic treatment of the rinj?, the connections 
for obtaining the B-H curve may be made and the readings com- 
menced, the current being in each case reversed several times 
before the galvanometer throw is taken. 



§ 24. Numerical Data for Materials used in Dynamo 
Construction. 

The most important materials used in dynamo construction 
are cast iron, dynamo cast^ steel, and the " Swedish " sheet iron 
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or mild sheet steel employed in the construction of armature 
cores (§ 64). The relations connecting B with H for these three 
materials are given in the following table : — 



H 


B 


H 


B 


Oast Iron. 


Dynamo 

Steel 
Caiitings. 


Armature 
Stampings. 


Cast Iron. 


Dynamo 
Steel 

CaatinRS. 


Armature 
Stampings. 


2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 


1,400 
2,500 
3,400 
3,900 
4,400 
4,800 
5,200 
5,500 
5,700 
5,850 
6,000 
6,150 
6.280. 
6,400 
6,500 


1,800 
6,800 
9,300 
11,000 
12,200 
13.100 
13,750 
14,250 
14,700 
15,000 
15,300 
15,600 
15,850 
16,060 
16,240 


2,.500 
6,000 X 
7,500 ' 

9,000 ; 

10,500 . 
11,500 ; 
12,400 , 
1.3,200 1 
13,900 1 
14,500 
14,800 ■ 
15,000 
15,180 
15,340 
15,480 


1 

1 32 

1 34 

' 36 

1 38 

40 

45 

50 

55 

60 

70 

80 

90 

100 

130 

200 


6,590 
6,680 
6.760 
6,830 
6,890 
7,040 
7,190 
7,340 
7,490 
7,790 
8,050 
8,290 
8,500 
9,100 
10,150 


16,390 
16.500 
16,600 
16,690 
16,780 
16,950 
17,100 
17,250 
17,400 
17,700 
18,000 
18,200 
18,400 
19.000 
20,000 


15,600 
15,700 
15,790 
15,870 
15,940 
16,070 
16,190 
16,300 
16,400 
16,600 
16,800 
17,000 
17,180 
17,600 
18,300 



The ratio /x = g is defined to be the permeability of the material 

for the given value of B 
D or H. 

§ 26. Hysteresis Loop. 

When a reversal of current 
takes place in the magne- 
tising coil surrounding the 
ring, the law according to 
which the induction changes 
during this reversal is found 
to be represented by a curve 
such as the curve A B C D in 
Fig. 7, the curve not passing 
through the origin. If the 
current be again reversed, so 
its original magnetic state 




Fig. 7. — Hysteresis loop, 
as to reduce the specimen to 
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(represented by the point A in Fig. 7), it follows by symmetry that 
the curve along which the induction passes from D to A must be 
similar to the curve A B C D, and must therefore be represented by 
D B' C A, the latter curve being obtained by a rotation of A B C D 
about as centre through 180''. Thus during a double reversal, 
which restores the specimen to its original state, and which may 
therefore be spoken of as a complete magnetic cycle of changes, 
the curve connecting the induction with H traces out a closed 
loop. This loop is spoken of as a hysteresis loop. It will now be 
seen that in determining the B-H curve by the method of 
reversals explained above we are really finding the positions of 
the peaks (A or D) of a succession of hysteresis loops. 

§ 26. Determination of Hysteresis Loop. 

In order to trace out a complete hysteresis loop, it will obviously 
be suflScient to determine one branch (such as A B G D in Fig. 7) 
of it, the other branch being simply obtained by a rotation 
through 180° of the first branch about as centre, as already 
.stated. The principle of the method employed is precisely 
similar to that underlying the determination of the B-H curve, 
the only difference being that instead of producing a complete 
reversal of current, we start from the point A, and by suddenly 
introducing resistance into the circuit diminish the current, 
thereby passing from A to some point such as E along the 
portion A B of the loop. The throw of the galvanometer now 
measures f E, which corresponds to the sudden change of induc- 
tion. Having obtained the throw, we complete the reversal by 
passing from E to D, and then produce another full reversal, 
thus getting back to A. In this way a number of points along 
the portion A B of the loop may be obtained. In order to deter- 
mine points along B C D, we have to arrange matters so that 
when the reversing switch is thrown over, a resistance is intro- 
duced which only allows a smaller reverse current to flow through 
the coil. We thus reach points such as G, the galvanometer 
throw measuring the change of induction G L. As before, the 
reversal is completed by short-circuiting the extra resistance, so 
as to reach the point D, when another complete reversal brings us 
back to A. By this means, starting each time from A, we deter- 
mine a number of points along the portion B C D of the loop. 
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The diagram of the primary or exciting coil connections used 
in tracing a hysteresis loop is shown in Fig. 8. The connections 
of the' secondary or exploring coil are the same as those shown 
in Fig. 5. The method of experimenting is as follows. The 
variable resistances Ba and Bg being short-circuited, and the 
reversing switch being in the position shown by the full lines, 
Bi is adjusted until the current has the value corresponding to 
the peak of the hysteresis loop (A in Fig. 7). The resistance Eg 
is then unshort-circuited, and adjusted to the value required to 
reduce the current to the desired amount. The reversing switch 
is next thrown over into the position shown by the dotted lines 
in the diagram, the resistance Bs is short-circuited, and the 
reversing switch thrown backwards and forwards a number of 

times, being finally left 
in the forward position 
corresponding to the 
full lines. The short- 
circuiting plug of the 
resistance Ea is now 
suddenly pulled out and 
the galvanometer throw 
observed. In this way, 
, a number of points 
^^.«i.«rr..« ^f along the portion A B 

Fig. S.-Connections of primary circuit for ^^ ^^^ hysteresis loop 

determiniDg hysteresis loop. are determined. In 

order to nnd points 
along BCD, the resistance Ba is short-circuited, B3 unshort- 
circuited, and, with the switch in the dotted position, the current 
is adjusted to the desired positive value. Bs is next short- 
circuited, and, after a number of reversals, the switch is left in 
the full-line position. B^ is now unshort-circuited, and the 
switch thrown over into the full-line position, the galvanometer 
throw being observed. 



§ 27. Calculation of Energy Dissipated during a 
Magnetic Oycle. 

We shall next show that during each magnetic cycle a certain 
amount of energy is dissipated in every cubic cm. of the material. 
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Let us suppose that, starting from the peak A of the hysteresis 
loop (Fig. 9), we have decreased H to the value P Q, the induction 
having the value Q. Let now a further reduction of H from 
P Q to B S take place, the induction decreasing from Q to 
S, i.e., by an amount Q S. Let us suppose that this decrease 
is ejffected during t seconds. Then, in accordance with what has 
been said in § 6, there will be an e.m.f. induced in each turn of 



the exciting winding of amount *^ ,* 



and since the total 



number of turns is Si, the total e.m.f. induced in the winding is 

(in C. G. S. units) Si ^^ 

Again, this e.m.f. has, by 
Lenz's law (§ 5), the same 
direction as the current, since 
the current is decreasing. 
Hence it will help to main- 
tain the current, and will 
supply energy to the circuit. 
The rate of supply of energy, 
or power, corresponding to 
this induced e.m.f., is given 
by the product (§ 1) of e.m.f. 
into current. Now (§ 17) 
the current i and the mag- 
netic force H are connected 
by the relation 

. H^ 

* - 47r 8i* 

where I = 2w7-^ is the mean circumference of the ring. During 
the small change considered, the current changes by a small 
amount, and we may use its mean value during the change in 
calculating the power. But the mean value of H (Fig. 9) is J 
(P Q -|- R g). Hence the mean value of the current is, by the 
above formula, 

• a being, as in § 20, the cross-sectional area of the ring, and hence a.QS - 
change of magnetic flux through each turn. 
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Fig. 9.— To illustrate dissipation of energy 
by hysteresis. 
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and the mean power due to the induced e.m.f. is 

Sx"-^^HPQ+RS) 4-^-^ = !;• ^-i (PQ + RS). 

Since this power is maintained during t seconds, the energy 
supplied to the circuit during that time is 

power X time = ^.QS .J (PQ + RS). 

Now la represents the volume of the ring, in cubic cms. 
Hence the energy contributed by every cubic cm. of the ring 
during the small change considered is 

^.QS.i(PQ + RS) 

= -7- X area of strip P Q S R, 

this area being measured with 
due attention to the scales 
of H and B used in plotting 
the diagram. 

Since similar reasoning 
applies to every consecutive 
small change in H and B, it 
follows that in passing from 
the point A to the point B in 
Fig. 9, we recover or gain 
from every cubic cm. of the 
material an amount of energy 
which, expressed in ergs, is 
equal to 




Fig. 9. — To illustrate dissipation of energy 
by hysteresis. 



J- X area A M B. 

If we now pass from B through C to D, it is evident that since 
the induced e.m.f. retains its original direction, while the current 
has changed sign, the e.m.f. will be an opposing or counter-e.m.f ., 
and will act as a sink instead of as a source of energy, work 
having to be done against it by the battery. Applying, therefore, 
the reasoning previously used in connection with the portion A B 
of the loop to the portion B C D, we find that, in passing from 
B to D, we have to communicate to every cubic cm. of the ring 

an amount of energy equal to x X area B D N. 
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Similarly, considering the descending branch D B' A of the 
loop, we find as before that in passing from D to B' we gain or 

recover an amount of energy equal to 7^ X area B' D N, and in 
passing from B' to A we lose or store up an amount equal to 

■r- X area B' A M. 

4'7r 

Hence during a complete magnetic cycle there is a balance of 
lost or unrecovered energy, representing energy dissipated in 
producing heat in the ring, of amount 

J- X area A B D B' A of the hysteresis loop 

per cubic cm. of the material. It is to be particularly noted that 
in measuring the area of the loop due account must be taken of 
the different scales used for B and H. 



§ 28. Steinmetz's Law. 

The great practical importance of the above result lies in the 
fact that in many practical applications of electro-magnetism we 
have to deal with large masses of iron which are rapidly under- 
going periodic magnetic reversals. Such cases occur in connection 
with dynamos, motors, transformers, &c. Both the eflSciency 
and the temperature rise of the apparatus will depend on the 
rate at which energy is being converted into heat by hysteresis. 
Now since, as we have seen, the energy dissipated per cycle is 
proportional to the area of the hysteresis loop, the question arises 
as to the connection which exists between this area and the 
maximum value of B corresponding to the peaks of the loop. 
This problem was first investigated by C. P. Steinmetz, who 
found that, for values of B up to about 9,000, the following 
relation holds good — 

energy, in ergs, dissipated per c.c. per cycle = rf B^'^, 

where 17 is a constant depending on the material, and is known as 
Steinmetz's hysteretic co-efficient. The above relation is known 
as Steinmetz's Law. In the case of the sheet iron or sheet steel 
used in the construction of transformer and dynamo armature 
cores, 17 ranges from '001 to 0012. 
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ExilMPLES. 

1. A ring of wood, whose external and internal diameters are 
respectively 10 inches and 8 inches, and whose length in an axial 
direction is 4 inches, is uniformly wound over with 800 turns of 
insulated wire. Find the values of H at the external and internal 
surfaces of the ring, and the total magnetic flux through the cross- 
section of the ring, when a current of 5 amperes is sent round 
the coil. 

2. The difference of magnetic potential between the polar 
surfaces of a permanent magnet is 800 ergs per unit pole. If 
the length of the magnet be 8 inches, what is the mean value of 
the demagnetising force ? 

8. A standard solenoid contains 20 turns of wire per cm. of its 
length. A secondary coil the mean circumference of each turn 
of which is 4*7 inches, and which consists of 600 turns, is placed 
inside the standard solenoid with the axes of the two coils parallel, 
and is connected in series with a galvanometer whose resistance 
is 15 ohms, and an additional resistance of 2,967 ohms. The 
resistance of the secondary coil is 18 ohms. If a current of 2 
amperes circulating round the solenoid be suddenly interrupted, 
what is the quantity, in micro-coulombs, discharged through the 
galvanometer ? 

4. A coil of 600 turns, connected in series with a suitable 
resistance and a ballistic galvanometer, is placed at the middle 
of a bar magnet of cross-section 1 inch x i inch, the coil being 
wound on a light rectangular frame which fits easily over the mag- 
net. The magnet is suddenly withdrawn, and a throw of 180 scale 
divisions is observed. If the galvanometer constant is '1 micro- 
coulomb per scale division, and if the total resistance of the 
galvanometer circuit be 1,000 ohms, what is the induction at 
the middle of the magnet ? 

5. The value of Steinmetz's hysteretic coeflScient is '0015 for a 
certain kind of iron, the specific gravity of which is 7*7. Find 
the power, in watts, dissipated by hysteresis in 220 lbs. of 
this iron when subjected to magnetic reversals between the 
limits of B ± 8,000, the number of cycles per second amounting 
to 25. 
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§ 29. Hysteresis. 

In considering the behaviour of a magnetic material when 
subjected to a series of recurrent cycles of magnetisation between 
given limits of magnetic force (or induction), we found that the 
path followed by the curve connecting B and H consisted of two 
distinct portions enclosing a loop. This case is only one example 
of the characteristic behaviour of magnetic materials when sub- 
jected to the action of a varying magnetic force. We find that 
in all such cases the material responds much more readily 
to a change in the magnetic force 
which is in the same direction as the 
immediately preceding changes than 
to a change taking place in the oppo- 
site direction. This general tendency 
of a material to respond less readily to 
a change of magnetic force when the 
change takes place with reversal of y,„ io._Re8iduari^uctio„ 

Sign IS spoken of as hysteresis. If, for and coercive force. 

example, we suppose that the specimen 

is originally demagnetised, and that we apply to it a steadily 
increasing magnetic force, then the curve connecting B and H 
is the normal B-H curve. But if at any stage of the process, 
such as the point P in Fig. 10, we decrease H, then the series 
of magnetic changes immediately preceding is not retraced : 
the curve connecting B and H leaves the normal B-H curve, 
the material exhibiting a more or less strong tendency to oppose 
the change from increment to decrement of magnetic force. 
If the magnetic force is decreased to zero, the induction retains 
a considerable value — represented by R in Fig. 10, and spoken 




H- 
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of as the residual induction — and in order to reduce the induction 
to zero a definite negative magnetic force must be applied to the 
specimen. This magnetic force, known as the coercive force, is 
represented by C in Fig. 10. It must be understood that both 
the residual induction and the coercive force depend on the 
maximum induction previously reached by the specimen, and 
that they increase with increase of this maximum induction. 

If the applied magnetic force varies irregularly, increasing, 
decreasing and again increasing, the material behaves in the 
manner represented by the curve in Fig. 11. It will be seen 
that, for a given value of H, the value of B is indeterminate, 
depending on the previous magnetic history of the specimen. 
We might define hysteresis as that property in virtue of which 

a magnetic material is capable, 
under the action of a given mag- 
netic force, of assuming an infinite 
number of values of B lying between 
certain limits, the particular value 
of B assumed by the specimen 
depending on the manner in which 




^ ^ it has been reached. 

From what has just been said it 

FIG. ll.-To^mjis^ratehyater^^^ ^^ ^^ ^^ ^^^^ ^^ ^^^^^^^ ^^^^^ j^ 

no perfectly definite relation connect- 
ing B and H. Out of the infinite number of values of B 
which are possible with a given value of H, we select, in 
carrying out a magnetic test, that particular value of B which 
is reached by starting with the specimen thoroughly demag- 
netised, and by steadily increasing H (without allowing any 
decrease to take place) until the given value is reached. The 
particular curve so obtained is the ordinary or normal B-H 
curve or magnetisation curve, and it approximately represents 
the locus of the peaks of consecutive hysteresis loops. 

Although over a very wide range of values of H the effects of 
hysteresis are strongly marked, there are two special conditions 
under which the specimen may, within certain narrow hmits of 
H, exhibit no appreciable hysteresis — i.e., yield a definite value of 
B for a given value of H (the loop P Q in Fig. 11 in this case 
collapsing into a single line). This happens when H has either a 
very small (less than 1 C. G. S. unit) or a very large (>100) value. 
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i 30. Effects of Hysteresis in Soft Iron 
Instruments. 

The effects of hysteresis become particularly troublesome in 
connection with measuring instruments (ammeters, voltmeters, 
supply meters) in which soft iron is used. Owing to hysteresis, 
an instrument of this type cannot be made to read quite 
correctly, and always gives a higher reading with decreasing than 
with increasing current. The error arising from hysteresis may, 
however, be reduced to a permissible value for a commercial 
instrument by one or other of the following expedients : (1) the 
use of a very weak field ; (2) the use of a very strong field ; 
(8) some arrangement for 
compensating the effect of 
hysteresis. 

When a very strong field 
is used, the lower part of the 
scale of the instrument is 
not reliable, as it corre- 
sponds to the region within 
which hysteresis effects are 
very strongly marked. This 
region is represented by A B 
in Fig. 12 ; beyond B, the 




Fia. 12. — Disappearance of hysteresis in 
strong fields. 



two branches of the hysteresis loop nearly coalesce, so that for any 
points in the region B C the value of B, and hence the reading 
of the instrument, will be nearly the same with an ascending as 
with a descending current. When strong fields are used, it is an 
obvious advantage to shape the iron part of the instrument so as 
to reduce the demagnetising effect due to its ends as much as 
possible — i.e., it is an advantage to make the length of the iron 
part large in comparison with its cross-section ; since a smaller 
number of ampere-turns will then be sufficient to produce the 
necessary field. 

A serious trouble with instruments in which weak fields are 
employed is that if accidentally a very much stronger current 
than that corresponding to the highest reading be sent through 
the instrument, the strong residual magnetism imparted to the 
iron subsequently causes the instrument to give readings 
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which are much too high. In many instruments, this diffi- 
culty is met hy making the length of the iron part short 
in comparison with its cross-section, so as to make the 
demagnetising effect due to the ends (§ 12) very large, and 
thus prevent the iron from retaining an excessive amount of 
magnetism. 

In some cases, however, the last-mentioned arrangement 
cannot be conveniently used. Recourse may then be had to 
some sort of compensating device.* One such device, used in 
the old type of Perranti meter, is illustrated in Fig. 18. In this 
instrument, the magnetic field in the gap is required to be as 
nearly as possible proportional to the exciting current, and a 
weak residual field is also required. In order to secure the 

former condition — proportion- 
ality between current and field 
—jthe induction is normally 
kept at a low value; and in 
order to provide a sufficiently 
strong residual field, the central 
portion of the cylindrical core is 
made of hard steel. The acci- 
dental passage of an abnormally 




FiQ. 13.- 



-Method of compensatiDg 
hysteresis. 



strong current would, however, make the residual field so strong 
as to cause the readings to be much too high. This is prevented 
by fitting the central steel core with an outer sleeve of soft iron. 
Even if the central core does get strongly magnetised, most of 
the lines of induction will, when the current is arrested, pass 
from the steel core into the soft iron sleeve, whose magnetisation 
becomes reversed. The sleeve acts, in fact, as a keeper towards the 
steel core, and prevents the excessive crowding of the magnetic 
lines of the core into the gap, the lines being diverted into the 
sleeve. 



§ 31. The Magnetic Circuit. 

Returning to the consideration of a ring (§ 16) uniformly 
wound with S turns of insulated wire, we have, if I = mean 
circumference of ring, i = exciting current, in amperes, F = 



• See, in this connection, I7if Electrician, vol. xxxii., pp. 11, 93, and 186 (1893). 
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magnetic flux through cross-section of ring, and a = cross-sectional 
area, 

H I = 1-257 Si . . . (1) 

and P = Ba = /AHa, 

/A being the value of the permeability (§ 24) at induction B. 
We thus have 

P rr'^. m 

- 1-257 Si .^. 

I*- ' a 
by(l). 

Consider next an electric circuit consisting of a conductor 
of length I, cross-section a, and resistivity p. If the e.m.f. 
around this circuit be denoted by E, then the current i is 
given by 

' = 7 = T <»>• 

a 

r being the resistance of the circuit. 

There is a great external similarity between equations (2) and 
(8), which has led to the adoption of a suggestive analogy between 
the magnetic case represented by (2) and the electric case 
represented by (8). Every magnetic line forms a closed loop: 
every electric current flows round a closed circuit. The 
assemblage of closed magnetic lines is usually spoken of as the 
magnetic circuit. The flow of a current is caused by the applica- 
tion of an e.m.f. to an electric circuit ; a magnetic flux is pro- 
duced by the application of an m.m.f . to a magnetic circuit. The ratio 

^*™ is defined to be the electric resistance of the circuit ; the 
current 

ratio — ™'°^' ' — is defined to be the reluctance of the magnetic 
magnetic flux 

circuit. Corresponding to the relation : resistance = resistivity 

X ^^°g*^. , we have : reluctance = 1. X ^^"g"^. , and 1 
cross-section fi cross-section' /a 

is by analogy termed the reluctivity of the material. The 

reluctivity is thus the reciprocal of the permeability. 

C.C.E. D 
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i 32. Differences between Electric and Magnetic 

Circuits. 

In spite of this apparent close similarity between an electric 
and a magnetic circuit, there are two important points in which 
the analogy entirely breaks down. In the first place, Ohm's 
law — the constancy of the resistivity of a conductor maintained 
at a fixed temperature — does not hold in the case of magnetic 
substances, whose reluctivity varies with the induction. And in 
the second place, there is no such thing as a magnetic insulator : 
we are, in general, unable to confine the magnetic flux to a 
definite channel. 

The two important diflferences just mentioned render problems 
relating to the magnetic circuit much more complicated than 
those relating to the electric circuit. The magnetic problem 
arising most frequently in practice is that of determining 
the ampere-turns necessary to produce a given magnetic flux 
through a given area. In general, the magnetic circuit is, unUke 
the simple case of the closed ring, a heterogeneous one — i.e., it is 
made up of several sections having different magnetic per- 
meabilities. The method of solution adopted is as follows : — 

I 33. Determination of Ampere-turns to Produce 

given Flux. 

A closed line is drawn, to scale, on a sheet of paper to repre- 
sent, as nearly as possible, the average path of 
the magnetic lines.* Let, in Fig. 14, A B C D 
represent this line. The cross-sections of the 
various portions A B, B C, C D and D A being 
known, as well as the magnetic fluxes, we can 

calculate the value of B ( = 55?_ — \ for each 

\ cross-section/ 

^ \ portion. The magnetisation curves for the 

^^^'l^'o^l^r^? various substances must also be known. By 

or magnetic cir- # , /. , '^ 

cuit. reference to these, we find the values of H or, 

more conveniently, of the ampere-turns per unit 

of length, corresponding to the various portions. By multiplying 

* Thus, in the case of a simple cloeed ring such as we have repeatedly considered, 
this line would be the mean circumference of the ring. 
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the ampere-turns per unit of length by the total length of each 
portion, we find the drop of magnetic potential, in ampere-turns, 
over that portion ; the sum of all such drops gives us the total 
ampere-turns required to produce the given flux. 



i 34. Magnetic Leakage. 

The problem, therefore, would admit of a very accurate solution 
if the flux through each portion of the magnetic circuit were 
known with accuracy. Such, unfortunately, is but seldom the 
case, owing to the non-existence of a magnetic insulator. The case 
of a closed ring which we have already studied in detail is very 
exceptional in that the magnetic flux is confined to a definite 
channel — none of the lines 
straying outside the ring. 
When such straying does 
take place, we speak of it 
as magnetic leakage, and a 
magnetic circuit in which 
leakage of lines takes place is 
described as a leaky circuit. 
Most circuits occurring in 

practice exhibit strong Fig. IS.-To illustrate magnetic leakage. 

leakage. As an example of a 

leaky magnetic circuit, we may consider the simple case shown 
in Fig. 16, where an iron ring is shown provided with an 
exciting coil concentrated over a small portion of the ring, the 
ring being cut open on the side diametrically opposite to the 
coil, an air-gap being thereby formed. Let the object of the 
arrangement be to produce a definite flux through an area a 
equal to the cross- section of the ring and placed symmetrically 
between the poles. The mean path of the flux is indicated 
by the dotted circle marked ni, and it falls into (1) the portion 
across the air-gap and (2) that inside the iron. Now in addi- 
tion to the magnetic lines passing through a, where they are 
wanted, there are others, such as those marked Zi, U and Zg, 
which do not reach a, and which, so far as the object of the 
arrangement (viz., the production of a definite flux through a) 
is concerned, are useless. These useless lines form the leakage 

D 2 




36 CONTINUOUS CUERENT ENGINEERINa. 

flux. It will be seen that leakage takes place continuously along 
the entire surface of the ring as we proceed from the middle of 
the exciting coil towards either pole, and that the maximum flux 
occurs through the cross-section at the middle of the coil. The 
ratio of this msiximum flux to the useful flux through a is termed 
the leakage coefficient Owing to the continuity of the leakage, it 
is obvious that the value of B varies from point to point of the 
mean path vi. As it would be extremely troublesome to take into 
account this variation, we generally content ourselves with assum- 
ing — in order to be on the safe side — that the value of B remains 
equal to its maximum value (at the middle of the coil) as we 
proceed along the portion of m which lies in iron. If v = leakage 
coefficient, and if F = total useful flux through the area a, then 
we assume the flux through the iron part of the circuit to be 
equal to vP, and (which is not correct) to remain constant at all the 
d'osB'SectionB, Assuming the leakage coefficient to be known, we 
can calculate the ampere-turns by the method explained in § 88. 



§ 35. Excitation with Constant Current and at 
Constant F.D. 

The ampere-turns required to produce a given flux in a 
magnetic circuit have to be provided under one or other of 
two conditions, viz., with a given current through the exciting 
coil, or with a given p.d. across its terminals. When the current 
is given, the number of turns is immediately given by the 

quotient ?!?1P?E?:_H£5? and the size of wire is chosen with 
amperes 

reference to the permissible temperature rise (§ 124). When, 

however, the p.d. across the coil is given, the ampere-turns are, 

as we shall see presently, determined by the size of wire. Let 

V = p.d., and r = resistance of the mean turn. Then amperes 

V V 



total resistance r X No. of turns' 

V 

r = 



Hence 



amperes X turns ampere-turns 

We thus arrive at the important result that, in order to obtain a 
given number of ampere-turns at a given p.d., the size of wire 
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must be so chosen that the mean resistance of a turn equals the 
quotient of the p.d. by the ampere-turns,* 



i 36. Stress between Magnetised Surfaces. 

The stress which exists between two magnetised surfaces of 
opposite polarity when these are either in contact with each other 
or are separated by a short air-gap is practically applied in the 
construction of lifting electro-magnets for handling iron and steel 
castings, plates, &c. In designing such a magnet, we have to 
determine the stress intensity, or the stress per unit area, corre- 
sponding to a given value of B. If we imagine the surfaces 
separated by a short gap, then the force which would be exerted 
on a unit pole placed in the gap is (by the definition of induction, 
§ 9) equal to £. This force may be regarded as due to the joint 
action of the two magnetised surfaces, each surface contributing 
half the total amount, i.e., ^ B. If now we imagine our unit 
pole placed on one of the surfaces, this surface will clearly exert 
no force on the unit pole in a normal direction ; hence the force 
is only that due to the opposing surface— i.e., J B. Thus the 
force per unit pole placed on either surface is J B. But since the 
number of magnetic lines proceeding from a unit pole is 4?r, and 
since there are B lines going across from every sq. cm. of one 
surface to every sq. cm. of the other, it follows that the pole- 

strength of every sq. cm. of either surface is —. Now since 

the force corresponding to every unit pole-strength is, as we have 
just seen, ^ B, it follows that the total force exerted on every sq. 

"13 "p ■p2 

cm. of either surface is 7- X ^ = ^r* ^'^^ stress between two 

B* 
magnetised surfaces is thus seen to be — dynes per sq. cm. 

Examples. 

1. A certain magnetic circuit is made up of three portions, 
consisting of dynamo steel, cast iron, and air-gap. The lengths 

* With a given p.d., the m.m.f. is independent of the number of turn* (so long as 
the mean length of a turn remains the same). Increasing the turns reduces the 
exciting current, and hence the power required to maintain the excitation, but 
makes the coil more expensive. 
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of the various portions, their cross-sections, and the magnetic 
fluxes through them are given by the following table. 





Length. 


Cro88.8ectiou. 


Total Flux. 


Cast steel . . 
Cast iron . . . 
Air gap . . . 


20 cms. 

30 cms. 

•6 cm. 


120 sq. cms. 
240 sq. cms. 
200 sq. cms. 


2-06 X 10« 
2 X 10« 
1-6 X 10« 



Using the data of the table in § 24, find the ampere-turns 
required to maintain the flux. 

2. A ring of cast (dynamo) steel, 10 inches in external and 9 inches 
in internal diameter, and 1 inch wide in an axial direction, is slit in 
a radial direction, the slit forming a gap of uniform width equal 
to i inch. Find the ampere-turns which must be provided by an 
exciting coil wound on the ring in order to produce a total flux of 
44*1 X 10* C. G. S. lines across the gap. The leakage coefficient is 
1'06 (for the relation connecting B and H, see table in § 24). 

8. A certain coil is required to produce a m.m.f. of 5,000 
ampere-turns with a p.d. of 50 volts across its terminals. Find 
the mean resistance of a turn of the coil. 

4. Two magnetised surfaces, each 4 sq. inches in area, are in 
contact with each other, and the total magnetic flux between them 
is 250,(KK) C. G. S. lines. Assuming this flux to be evenly dis- 
tributed over the surfaces, find the total pull, in lbs. weight, 
exerted between them. 



CHAPTER IV. 

§ 87. Classification of measuring instruments — § 88. Multicellular electrostatic 
voltmeter — § 89. Kelvin electric balance— § 40. Moving-coil instruments — 
§ 41. Movintr-coil voltmeters — § 42. Moving-coil ammeters — § 48. Technical 
data of moving-coil instruments— § 44. Soft iron instruments~-§ 45. General 
conditions to be fulfilled by ammeters and voltmeters — § 46. Illuminated dial 
and edgewise instruments — § 47. Recording instruments— § 48. Relative 
merits and prices of different types of instruments — § 49. Limited scale volt- 
meters — § 60. Kallmann's narrow-range voltmeter. 

§ 37. Classification of Measuring Instruments. 

Thkrb are various ways of classifying electrical measuring 
instruments. Thus, we may consider them from the point of 
view of the accuracy attainable, and divide them into standard 
instraments, whose design and construction are such as to render 
them thoroughly reliable in the most delicate measurements ; and 
into commercial instruments, whose accuracy in many cases need 
not be of a very high order, and whose construction may there- 
fore be simpler and cheaper. Again, we may base our classifica- 
tion on the nature of the particular quantity which the instrument 
is intended to measure : we thus have voltmeters for measuring 
p.d., ammeters for measuring current, quantity and energy meters, 
&c. Another system of classification may be based on the parti- 
cular effect of the p.d. or current which is utilised in the construc- 
tion of the instrument : we thus have electrostatic, electro- dynamic, 
electro-magnetic and thermal (or " hot-wire ") instruments. We 
may further divide instruments into dejlectional or indicating and 
zero instruments. Those of the first type give a reading without 
requiring any preliminary adjustment, while in zero instruments 
such an adjustment, consisting in reducing the movable part of 
the instrument to its inital or zero position, must be made before 
a reading can be taken. Lastly, we may adopt as our basis of 
classification the nature of the controlling couple which resists a 
deflection of the movable part of the instrument : we are thus 
led to consider instruments as having magnetic, spring, and 
gravity control. 

Standard instruments are used either in connection with 



40 



CONTINUOUS CUERENT ENGINEERING. 



measurements where extreme accuracy is required (as in effi- 
ciency tests of various kinds), or for the purpose of checking, 

from time to time, 
the readings of the 
cheaper and less 
reliable commercial 
measuring instru- 
ments used on 
switchboards, &c. 
It is mainly for 
this latter purpose 
— the periodic cali- 
bration of switch- 
board instruments 
— that most cen- 
tral stations are 
provided with one 
or more standard 
instruments. We 
shall commence our 
study of instru- 
ments by consider- 
ing two well-known 
types of standard in- 
strument — the Kel- 
vin Multicellular 
Electro-static volt- 
meter and the Kelvin 

Fio. 16.— Multicellular electrostatic voltmeter. Electric Balance. 
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i 38. Multi-cellular Electrostatic Voltmeter. 

Lord Kelvin's multicellular voltmeter is an electrostatic instru- 
ment — i.e., its action depends on the electrostatic stress between 
the fixed and movable parts of the instrument : it therefore takes 
no current ; the controlling couple is furnished by the torsion of 
a phosphor-bronze strip. The construction of the instrument 
will be understood from Figs. 16 and 17. Fig. 16 shows the 
working parts of the instrument in perspective. The system of 
fixed plates, which is in connection with one terminal of the 



CONTINUOUS CUREENT ENOmEERING. 



41 



instrument, consists of two similar aluminium castings, each 
having the form of a stout vertical plate from which project a 
series of equidistant horizontal shelves, the spaces between which 
form a number of " cells " — hence the name of the instrument. 
These plates are shown in plan in Fig. 17. They are screwed to 
a strong metal frame which at the top receives the framework 
supporting the movable system. This framework is insulated, as 
shown in Fig. 16, by means of ebonite washers, and is in metalUc 
connection with the other terminal of the instrument and with 
the outer case, contact with which is maintained by means of a 
light metal spring shown in the figure and marked ** contact 
spring." Arising from 
the lower part of the 
framework are two pillars 
which end in a horizontal 
circular plate supporting 
a " torsion head," which 
consists of a worm-wheel 
geared with a worm (not 
shown), by means of 
which the movable system 
may be ad j usted to its zero 
position. Interposed be- 



tween the torsion head 
and the phosphor-bronze 
suspending strip is a 




Fio. 17. — Plan of vanes and fixed plates. 



coach-spring which provides an elastic support, and which is 
intended to prevent breakage of the suspension if owing to a sudden 
jerk the suspending strip should be stretched with a force exceeding 
its normal load. The safety collar shown in the figure in that case 
comes against the perforated circular stop placed immediately 
below it, and prevents any further stretching of the filament. 
Attached to the safety collar is the long vertical spindle which 
carries the series of movable horizontal vanes which are free to 
swing round into the " cells " formed by the fixed plates. The con- 
struction of these vanes will be understood by reference to Fig. 17, 
which shows a vane in plan and section, and the relative position 
of the vanes and fixed plates when the pointer is at zero. It will 
be noticed that the vanes are stamped with ridges down their middle 
and along each side — an arrangement intended to secure stiffness. 
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Connected with the movable system are two vertical strips of 
tinfoil supported by plates of ebonite, which fit into dove-tailed 
recesses in the highest and lowest fixed plate of each set. A thin 
copper wire rmis from a small screw in the framework down the 
strip of ebonite, and the tinfoil is pasted over the wire, as shown 
clearly in Fig. 17. 

At its lower end, the vertical spindle carries a perforated metal 
plate which is completely immersed in a small oil-vessel, and 
which forms the damping device for rapidly reducing the 
movable system to its position of equilibrium, the damping vane 
encountering considerable resistance as it moves through the oil, 



fADjuatMLt NUT FOR VAU^Ms tCwaiTlVtHlW 

W0V1 NG cc>a 

rii&D coil. 




T ROVCH 
ri»ED COIL 



Fig. 18.— Kelvin electric balance. 



and so checking the oscillations which would otherwise persist for 
a long time. 

The range of motion of the movable vanes is limited by two 
wire stops against which the pointer strikes when it passes 
outside the limits of the scale. 

When the instrument is not in use, the movable system may 
be clamped by means of the clamping spring shown in the figure. 
This spring is a flat strip of metal with a forked end embracing 
the spindle. On tightening the clamping terminal, the forked 
end of the spring is made to press against a collar mounted on 
the spindle, thereby bodily raising it, and forcing the upper 
conical part of the collar supporting the pointer against a conical 
recess in the lower surface of the supporting frame- work. The 
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movable system is thus securely clamped, and the suspending 
strip is freed from tension. 

The action of the instrument is as follows : On connecting the 
instrument to a source of e.m.f., the fixed and movable systems 
acquire charges of opposite sign (with the exception of the two 
vertical strips of tin-foil, which, being in metallic connection 
with the movable system, acquire charges of the same sign as 
this latter), and owing partly to the unsymmetrical position of the 
movable relatively to the fixed plates in the zero position, partly 
to the presence of the repelling vertical tin-foil strips, a couple is 
produced on the needle. One effect due to the strips of tin-foil 
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Fig. 19. — Movable system of Kelyin balance. 

is an improvement in the scale, the lower portion of which is 
thereby considerably opened out. 



i 39. Kelvin Electric Balance. 

The Kelvin Electric Balance is primarily intended to be used 
as an ammeter; it is an electro-dynamic instrument, i.e., its 
action depends on the mutual forces or stresses exerted between 
wires (or coils of wire) conveying currents (§ 4). It is further 
an instrument of the zero type, i.e., the movable system is 
brought back to its original or zero position before a reading is 
taken. The controlling couple is provided by gravity, a sliding 
weight being employed to restore balance. 

The general arrangement of the instrument will be understood 
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from Pig. 18,* which is a perspective view, with parts of the 
instrument shown cut away so as to exhibit the construction 
more clearly. Fig. 19 shows the movable system in plan. 
There are in all six coils in the instrument, four of which are 
fixed and two movable. The movable coils are supported at the 
ends of a heavy compound bar (see Figs. 19 and 20) consisting 
of three bars of copper insulated from each other, and held 
together by means of two heavy metal clamps lined with ebonite 
so as to insulate them from the bars. Across the clamps is placed 
a thick strip of brass slotted at its ends so as to make it adjust- 
able, and from its centre there arises a screwed vertical shank 
fitted with an adjustable nut for varying the sensitiveness. The 
centre bar of copper connects the two coils, the remaining coil 
ends being in connection with the outer bars. Fixed to the 

middle of each outer bar 
is a horizontal cylinder 
of brass, the greater part 
of which is cut away so 
as to leave rather* less 
than a semi-cylinder (see 
Figs. 18 and 20). Soldered 
to each semi-cylinder are 
numerous very fine copper 
wires or ligamenta, by 
means of which the movable system is flexibly suspended, and 
which form one of the most important features of the instrument, 
allowing of very large currents being sent into the movable coils 
through a suspension of extreme flexibility. The upper ends of 
the ligaments are attached to semi-cylinders supported by two 
heavy brass pillars mounted on the slate base of the instrument. 
These pillars are provided with bolts and nuts for receiving the 
ends of the conductors leading to the fixed coils. The current 
enters the movable system by one set of hgaments, and leaves by 
the other. The connections are such that the current circulates 
in opposite directions around the two movable coils — an arrange- 
ment which renders them astatic, or not liable to be disturbed 
by any uniform external field. Each movable coil is placed 

* The instrument to which the description and illustrations refer is a deka-ampere 
balance. The details of construction yary slightly in instruments of different 
ranges. 




Fia. 20.- 



-Method of suspension used in Kelvin 
balance. 
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Fio. 



21. — Sliding carriage and weight of Kelvin 
balance. 



between two fixed coils, one of which repels while the other 
attracts it, there being a resultant downward force on the left- 
hand moving coil and 
a resultant upward /ii{ii!i|iiil|ll|l|iiii|iiii|it 
force on the right- 
hand one. If the 
movable system is 
horizontal (as indi- 
cated by the pointers 
attached to the 
moving scale — Figs. 
18 and 19) with no 
current passing 
through the instru- 
ment, then on sending 
a current through it the coils will be deflected. Balance is then 
restored by sliding a weight along the movable scale, the weight 
being supported by a 
carriage (Fig. 21) ; 
the current is deter- 
mined from the dis- 
placement of the 
weight. The carriage 
and weight are slid 
along the scale by 
means of the self- 
releasing pendant, 
shown in Fig. 22, 
which fits over a 
guide - rail (seen in 
Fig. 18) and is pro- 
vided with silk cords 
passing through the 
glass case of the in- 
strument ; by means 
of the cords, the 
pendant may be pulled one way or the other. In order to secure 
stability, the movable coils are normally displaced from their 
midway positions between the fixed coils (in which positions 
the forces exerted on them are at a minimum), each movable 




Fig. 22.— Self-releasing pendant. 
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coil being somewhat nearer the repelling fixed coil than the 
attracting one. 

Provision is made for accurately adjusting the zero position by 
means of a light slotted metal flag projecting from one of the 
clamps which hold together the copper bars (see Figs. 18 and 19). 
By means of a lever arranged underneath the base of the instru- 
ment, a vertical pin which passes freely through the slot in the 
flag may be moved one way or the other, and so the flag itself 
displaced, the centre of mass of the suspended system being 
correspondingly displaced one way or the other. Care must be 
taken, after displacing the flag, to move the pin quite clear of it. 

One advantage of a zero electro-dynamic instrument such as 
the Kelvin Balance is that it obeys a definite law. The deflecting 
couple acting on the movable system is proportional to the force 
on either movable coil. This force is proportional to the product 
of the current in the coil into the field in which the coil is placed. 
Since, however, the field itself is produced by the fixed coils, 
which carry the same current as the movable ones, it follows that 
the deflecthig couple varies as the square of the current. The 
balancing or controlling couple brought into play by the dis- 
placement of the weight varies directly as the displacement. 
Hence for every position of balance, we must have 
square of current oc displacement of weight 

or current x v^displacement^ 

i.e., current = constant X ^displacement. 

The displacement of the weight is read off on the finely divided 
movable scale, and on multiplying the square root of this by a 
definite constant (which is, for the sake of convenience, arranged 
to have some simple value — such as 1, J or i), the corresponding 
current is obtained. For the sake of greater convenience, a fixed 
or inspectional scale is provided, arranged immediately behind 
the movable scale, and divided so that the numbers corresponding 
to the consecutive divisions are proportional to the square roots 
of the numbers along the equally divided movable scale. Rough 
values of the square roots and currents may thus be obtained by 
inspection, without reference to the tables which are provided 
with each instrument. 

In order to extend the range of accurate measurement, each 
instrument is provided with several sliding weights and a corre- 
sponding set of counterpoise weights, the heavier weights being 
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used when measuring larger currents. The counterpoise weights 
are cylindrical, and are fitted with cross-pins which pass through 
the bottom of the triangular trough (see Figs. 18 and 19) 
intended to receive them, a perfectly definite position of the 
counterpoise in the trough being thereby secured — the arrange- 
ment forming a " geometrical clamp." A similar ** geometrical 
clamp " is employed between the sliding carriage and the weight 
supported by it (see Fig. 21), the "clamp" consisting of two 
conical pins in the carriage, and a hole and slot in the weight. 

§ 40. Moving Coil Instruments. 

The favourite switchboard type of instrument for continuous 
currents is the " moving coil " type. These. instruments may be 
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Fio. 23. — Weston moving coil instrument. 

constructed either as ammeters or as voltmeters. They form 
simple modifications of the moving coil galvanometer, originally 
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devised by Lord Kelvin (who used a moving coil in his " syphon 
recorder " — an instrument for recording the signals transmitted 
through a submarine cable), and adapted for laboratory use by 
Deprez and D'Arsonval. 

The construction of the instrument will be readily understood 
from Figs. 28 and 24, Fig. 23 being a perspective view of the 
instrument as it appears when taken out of its case. A per- 
manent steel 
magnet, whose 
length is great 
in comparison 
with its cross- 
section in order 
to secure con- 
stancy (§ 13), is 
fitted with soft 
iron pole-pieces ; 
these are bored 
out to receive a 
solid cylindrical 
core of soft iron, 
of diameter less 
than the bore of 
the pole-pieces, 
which is sup- 
ported by a brass 
plate screwed 
across the pole- 
pieces. An an- 
nular gap is thus 
formed around the core, and in this gap is pivoted a coil of 
fine silk-covered copper wire wound on a light alimiinium 
frame, the frame causing the instrument to be " dead-beat *' by 
powerfully damping the motion, owing to the strong currents 
induced in the frame as it moves across the field. Cemented 
to each end of the moving coil are aluminium plates which 
carry the pivots and the attachments for the hair-springs. 
These latter serve the double purpose of providing the neces- 
sary controlling couple and leading the current into and out 
of the coil. The details of the method of attaching the hair-spring 




Fifi. 24. — Details of Weston moving coil instrument. 
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will be understood from Fig. 24. As it is essential to have 
the coil accurately balanced, in order that the control may 
be a pure spring control and unaffected by gravity, a special 
balancing cross is provided, one arm of which carries the pointer, 
while its prolongation on the other side supports a small screwed 
shank having a counterpoise (a drop of solder) at its end, and 
fitted with an adjustable nut. The remaining two arms consist 
of screwed shanks, one of which carries a balancing nut. On the 
top of the balancing cross is placed a small bracket, to one end of 
which is soldered the inner end of the phosphor-bronze hair- 
spring, while to the other end is soldered one end of the coil. 
The balancing cross and bracket are secured to the spindle by 
means of a small nut, beyond which projects the pivot ; the 
latter fits into a jewelled bearing at the end of a screw which 
passes through a brass plate supported by two brass pillars 
arising from the pole-pieces, but insulated from them by means 
of ebonite washers. The outer end of the hair-spring is soldered 
to an arm projecting from a circular slotted plate (marked *' zero 
adjustment plate ** in Fig. 28), whose position may be varied for 
the purpose of accurately adjusting the zero. The diametrically 
opposite arm of this plate is connected to one of the instrument 
terminals. Similar arrangements are provided at the other end 
of the coil, except that there is no balancing cross. In order to 
prevent creeping of the zero, the two springs are coiled in oppo- 
site directions, so that when the coil is deflected, one spring is 
coiled up and the other uncoiled. 

§ 41. Moving Coil Voltmeters. 

If the instrument is intended to be used as a voltweter, it is, as 
shown in Fig. 26 (a), connected in series with a very high resistance 
consisting of some alloy having a low temperature coefficient 
(such as German silver, platinoid, "eureka," constantan, or 
manganin), so as to render the total resistance of the instrument 
nearly independent of temperature ; otherwise, a change of tem- 
perature only, without any change of p.d. across the instrument 
terminals, would affect the reading. At first sight, it might for 
this reason appear advisable to wind the moving coil itself with 
some alloy having a low temperature coefficient. This, however, 
is found to be inconvenient, as low temperature coefficient is 

C.G.E. B 
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always associated with high resistivity. Hence, in order to 
prevent excessive heating of the coil, a much larger size of wire 
would have to be used than when the coil is of copper. An 
increase in the thickness of the wire would, however, necessitate 
either an increase of gap length, with a corresponding decrease 
of field intensity, or a reduction in the number of turns in the 
coil without any change of gap length. Either of these changes 
would reduce the sensitiveness of the instrument. It is for this 
reason that the moving coil itself is wound with copper wire. 
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§ 42* Moving-Coil Ammeters. 

In a moving-coil ammeter, the moving coil is joined in series 
with a resistance, and is then connected across a suitable low 
resistance which conveys the main current, as shown in Fig. 25 (fc). 
The error due to temperature changes, which may be made quite 

negligible in the case of voltmeters, 
presents a serious difficulty in 
ammeters. If the ammeter shunt 
were constructed of copper, and the 
moving coil connected directly across 
it, without the use of any series 
resistance, the reading would remain 
correct at all temperatures provided 
the moving coil and the shunt could 
always be maintained at the same 
temperature. Since, however, it is in 
most cases impossible to secure this 
condition, the temperature error will 
not be elimmated. Hence it is safer 
to make the shunt of an alloy with a 
small temperature coefficient, so as 
to render the p.d. across the shunt 
practically constant at all temperatures for a given current, and 
to connect in series with the moving coil as large a resistance of 
negligible temperature coefficient as possible, in order to reduce 
the joint temperature coefficient of the coil and its series resist- 
ance to the lowest possible value. On the other hand, the resist- 
ance of the shunt should be kept as low as possible in order 
(1) that the power lost in it may not be excessive, and (2) that 
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FiQ. 26. — Connectionfl 
moYing-coil instrument as 
(a) voltmeter and (h) am- 
meter. 
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the shunt may not be of inconveniently large dimensions and 
expensive. In practice, the series resistance is from 1 to 4 
times that of the moving coil itself (which ranges from 1 to 
3 ohms), while the current taken by the moving coil is from '02 
to '1 ampere. 

An extremely ingenious compensating device for ammeters has 
been invented by Mr. A. Campbell.* This is represented dia- 
grammatically in Fig. 26. The ammeter shunt has a negligible 
temperature coeflBcient, while the Wheatstone's bridge connected 
across it consists partly of copper, and partly of a material having 
a negligible temperature coefficient. The moving coil occupies 
the galvanometer branch of the bridge. The bridge is, of course, 
unbalanced, and the moving coil receives the out-of-balance 
current. When a rise of tem- 
perature takes place, the resist- 
ance of the moving coil increases ; 
but at the same time, owing to 
the increase of resistance in the 
opposite copper arms of the 
bridge, which are of higher 
resistance than the high-resis- 
tivity arms, the out-of-balance 
p.d. across the moving coil rises, 
and by properly proportioning the resistances of the various 
branches it is possible to arrange matters so that the rise of 
p.d. across the moving coil is proportional to its increase of 
resistance, and hence that the current flowing through it remains 
unaffected by temperature changes. 

The shunts used in connection with ammeters generally con- 
sist, as shown in Fig. 25 (/;), of a number of thin plates of a 
high-resistivity alloy (manganin in most cases), held between two 
massive blocks of copper or gunmetal, which are grooved to 
receive them, and to which they are soldered. The shunts 
should be fixed with the plates vertical, so as to maintain good 
Ventilation. When the current to be measured does not exceed 
about 100 amperes, the shunts are frequently fixed at the back 
of the instrument case itself, rendering the instrument self- 
contained. 

Instead of a special shunt, a length (about 5 feet) of copper 

• Journal o/t/ie IngtitutUm of Electrical Engineerg^ vol. xxxv., p. 197 (1905). 
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Fig. 26. — CampbeU's compensating 
device for shunted ammeters. 
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conductor forming part of the main circnit is sometimes made use 
of — an arrangement fomid convenient in the case of switchboard 
instruments. The temperature error in this case may, however, 
be considerable. 



i 43. Technical Data of Hoving-Coil Instruments. 

The air-gap field in moving-coil instruments generally varies 
from about 600 to 1,000, although in some exceptional cases it 
may reach a value of 2,000. In order to obtain so high a value 
of the gap induction, the cross-section of the magnets must be 
made large in comparison with the polar area ; special pole-pieces 
are in this case dispensed with, the tapered ends of the magnets 
themselves forming the polar surfaces. Intense gap fields are 
mostly used in instruments provided with very long pointers, and 
in recording instruments (§ 47) in which the pointer carries a 
pen, and in which, in order to reduce the frictional error caused 
by the pen, it is desirable to use a powerful deflecting torque. 

The current taken by a moving-coil voltmeter is of the order 
of *015 ampere, while the drop of potential over the shunt of an 
ammeter varies from '05 to '1 volt. 



§ 44. Soft Iron Instruments. 

In cases where a high degree of accuracy is not of importance, 
" soft iron " electro-magnetic instruments may be used. Of these 
there are numerous types in existence. The general principle on 
which they are based is that a mass of soft iron if placed in a 
magnetic field which is not uniform tends to move from weak to 
strong regions of the field, or tends to assume a position corre- 
sponding to a maxiumm flux through it. The actual arrangement 
may consist either of a coil which Hucks in a movable core, or of 
a coil with two cores, one fixed aiul Iho oihor movable, the function 
of the fixed core being to modify ihn Hold duo lo the coil in such 
a manner as to produce the neooHHary ^radiont of field intensity 
in the direction of motion of the movable core. 

As an example of a soft iron inHtrumont, we may consider the 
0-K type manufactured by Messrs, Nalder Bros, and Thompson, 
Ltd. The essential parts of this instrument are shown in 
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Fig. 27. A wire of soft iron is fixed against the inner surface of 
the bobbin on which the coil is wound, while the movable core 
consists of a tiny bar of soft iron supj^orted by a spindle moving 
in jewelled bearings. The fixed wire produces a local weakening 
of the field, and the movable core is displaced towards the stronger 
regions of the field* against the action of a small counterweight 
(shown in Fig. 28) which furnishes the gravity control. The 
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Fio. 27.— Nalder Bros, and Thomp- 
son's soft iron instrament. 



CRWCIGHT 



Fig. 28. — Details of soft iron instru- 
ment, showing air damping device. 



fixed and movable cores extend the entire length of the coil. 
Outside the coil, the spindle supporting the movable core is fitted 
at its front end, as shown in Fig. 28, with a metal disc which 
carries (1) the pointer, (2) the counterweight, and (3) the piston 
of the air dash-pot. This piston is in the form of a light square 
box open inwards, and moving with very little clearance within 
an annular channel of square cross -section. This air damping 
device is very eflfective, and has been adopted very generally by 
instrument makers. 



§ 45. General Conditions to be Fulfilled by 
Ammeters and Voltmeters. 

In order that a measuring instrument may not affect the 
existing conditions of a circuit, and that it may not absorb an 
excessive amount of power, its resistance must have a suitable 
value. The condition to be fulfilled by a voltmeter is in this 

• An alternative metliod of regarding the matter is as follows :— The coil 
magnetises the two cores in the same direction, and hence, owing to the " repulsion'* 
between the like magnetic poles at each end of the coil, the movable core is driven 
away from the fixed one. 
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respect of an opposite nature to that required of an ammeter. If 
a voltmeter is connected across any two points of a circuit, and 
if the mere fact of connecting the voltmeter is not to affect the 
value of the p.d. which previously existed between the two points, 
the voltmeter must have a resistance so high that the small 
current taken by it does not materially alter the distribution of 
the p.d.'s in the various parts of the circuit. Again, since the 

power taken by a voltmeter at its maximum reading is — * where 

T 

Y is the maximum reading and r the resistance of the instrument, 
it follows that r must be as high as possible in order that the 
power taken by the instrument may be small. From both points 
of view, therefore — maintenance of the originally existing con- 
ditions in the circuit, and smallness of power absorbed — it is 
desirable to make the resistance of a voltmeter circuit as high as 
possible. In an ammeter, on the other hand, the conditions are 
reversed. For if the introduction of an ammeter into a circuit 
is to leave the originally existing current unaltered, it is obvious 
that the ammeter resistance must be negligible in comparison with 
that of the rest of the circuit, and hence must be made as low as 
possible. Similarly, since the power absorbed at the maximum 
reading t of an ammeter of resistance r is ri^, r must be made 
small in order to keep down the power taken by the instrument. 
Hence ammeters should have as low a resistance as practicable. 

§ 46. Illuminated Dial and Edgewise Instruments. 

Instruments intended for switchboard use should have a large, 
boldly marked scale and conspicuous pointer, so as to enable 
them to be easily read from any part of the engine-room. An 
arrangement frequently used for this purpose is that of an illumi- 
nated dial or scale. This is shown in Fig. 29. The scale is of 
opal glass, and is strongly illuminated from behind by means of 
one or more incandescent lamps, mirrors being sometimes used 
to increase the illumination and render it more uniform. The 
black pointer of the instrument stands out strongly against the 
bright background of the scale, and the instrument is easily read 
from a considerable distance. 

Where economy of space is of great importance, and the switch- 
board dimensions have to be kept as small as possible, the edgewise 
type of instrument is employed. In instruments of ordinary 
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construction, the scale lies in a plane parallel to the plane of 
motion of the pointer. In the edgewise type, the end of the 
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GLASS SCALE 




POINTER 



SUT- 



BACK VIEW OF INSTRUMENT. 

Fia. 29. — Showing arrangement of illuminated scale. 

pointer is bent at right angles, so that as the pointer moves its 
bent end sweeps out a cylindrical 
surface. The scale of the instru- 
ment is accordingly made cylin- 
drical, the axis of the cylinder 
coinciding with the axis of rota- 
tion of the movable part of 
the instrument. The general 
arrangement of an instrument 
of this type will be understood 
from Fig. SO, and since the flat 
instrument case stands out at 
right angles to the plane of the 

switchboard instead of lying flat 

against it, it will readily be seen fio. 30.-Edgewi8e type of instrument. 

that a large number of such 

instruments may be crowded into a comparatively small space. 

§ 47. Recording Instruments* 

In some cases, a continiums record of the fluctuations in the p.d. 
or current is required, and for this purpose recording instruments 
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are employed. The pointer of the instrament carries a small 
reservoir pen whose tubular point presses lightly against a sheet 
of paper driven at a uniform rate by clockwork in a direction at 

right angles to the 
direction of motion 
of the pen. The 
general arrangement 
of the instrument 
and details of one 
form of pen will be 
understood from 
Fig. 31, which shows 
an instrument by 
Messrs. Elliott 
Brothers. The main 
trouble in connection 
with such instru- 
ments is the friction 
between the pen and 
paper, and although 
this may be made small, it is always liable to interfere with the 
accuracy of the instrument. For this reason, it is advisable 
to use powerful deflecting and controlling torques, so as to render 
the frictional torque due to the pen insignificant in comparison 
with them. 




TkfatOAIl POINT 
OF PEN 



PLRrORATlON»TO FIT OVER 
PINS OF DRIVING V/HECL 



Fio. 31.— Recording instrument. 



§ 48. Relative Merits and Prices of different types 
of Instruments. 

The electrostatic type of instrument forms the ideal voltmeter. 
It takes no current and hence wastes no power ; it is practically 
quite free from temperature errors ; and an additional advantage 
is that it may be used on alternating as well as on continuous 
current circuits. The only disadvantage of the instrument as 
compared with other types is its high price. An electrostatic 
voltmeter costs from £8 to £12. 

Moving-coil instruments, which cost from £3 lOs. to £15, 
depending on the range, size of scale, and quality of workman- 
ship, are at present more widely employed on switch -boards 
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than any other type. They have a uniformly divided scale, 
are dead-beat in their indications, and are free from the 
hysteresis error which' affects soft iron instruments. 

Soft iron instruments cost from Ml upwards, and are the 
cheapest class of instrument obtainable. They are extensively 
used in all cases where low first cost is an important considera- 
tion, and where a high degree of accuracy is not desired — as in 
the case of small motors owned or hired by private consumers, 
on private lighting or power switchboards, &c. 

Electro-dynamic instruments are expensive, and are, gene- 
rally speaking, of more importance in connection with alter- 
nating than with continuous currents. In connection with the 
latter, they are chiefly used as standard instruments. The 
best known and most important type of this class of instru- 
ment is the Kelvin Balance. The usual type of this instrument 
costs £dO. 



I 49. Limited Scale Voltmeters. 

Switchboard voltmeters are generally required to give readings 
with a high degree of accuracy over a limited range only, since 
the p.d. at a generating station fluctuates only between narrow 
limits. In order to allow of greater ease and accuracy in taking 
the readings, the scale of such instruments is sometimes confined 
to the limits required, and the divisions can consequently be made 
large and bold. This end may be attained by using comparatively 
weak springs in the instruments, and by having them " set up " 
or wound up to start with, the pointer being pressed against a 
stop, so that the deflecting couple is unable to overcome the 
control of the spring until the p.d. reaches a certain minimum 
value, beyond which the pointer will begin to move across the 
scale ; owing to the weakness of the springs, the displacement of 
the pointer corresponding to a given percentage change of p.d. 
will be much larger than in instruments of ordinary construction. 
Although such instruments of limited range are easy to read, 
their accuracy is not greatly superior to that of instruments 
which start reading at zero, owing to the fact that the errors of 
the instrument are magnified in about the same ratio as its scale 
divisions. 
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§ 50. Kallmann's Narrow Range Voltmeter^ 

An extremely ingenious and simple arrangement, which com- 
bines the advantages of the " set-up " or limited scale voltmeters 
with a much higher degree of accuracy than is possessed by these 
latter instruments, has recently been devised by M. Kallmann.* 
It depends on the use of a special type of resistance, consisting 
of fine iron wire spirals contained in a glass, bulb filled with 
hydrogen ; such resistances are manufactured in large numbers 
for use in connection with Nernst lamps (§ 178). The peculiarity 
of this form of resistance is that, within certain limits of p.d., the 
resistance increases in almost direct proportion to the p.d., so 
that the current is, within the limits mentioned, nearly indepen- 
dent of the p.d. This result is due partly to the high temperature 
coeflScient of iron, and partly to the very rapid increase of 
temperature with current when the current exceeds a certain 
value. The spirals have to be enclosed in glass bulbs filled with 
hydrogen in order to prevent their destruction by oxidation, as 
under normal conditions they are run at a dull-red heat. If such 
a variable resistance be connected in series with an ordinary 
resistance having a negligible temperature coefficient, and if a 
variable p.d. be applied to the extreme terminals, then it will be 
found that the increase of current with rise of p.d. is, within 
certain limits of p.d., very slight, so that the current may be 
considered approximately constant. It is evident that the p.d. 
across the constant resistance will under these conditions also 
remain approximately constant, while that across the variable 
resistance will be highly variable. Such a resistance will, in 
fact, act as an automatic regulator (it is used as such in the 
Nernst lamp), and maintain an a])proximately constant current 
in, and approximately constant p.d. across, a constant resistance 
connected in series with it. The variations in the p.d. will be 
almost entirely absorbed by the variable resistance. 

If, therefore, a low-reading voltmeter of high resistance were 
connected across the variable resistance, its readings would 
indicate the fluctuations in the total p.d. with a high degree of 
accuracy, and its scale could be marked so as to read values of 
the total p.d. Unfortunately this simple arrangement, in order 

• Jb'lektrotec/fnische Zeittchrift^ vol. xxvii., p. 335 ; aluo p. 68(> (190«)). 
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to be effective, would either require a low-reading voltmeter of 
abnormally high resistance, or else an abnormally large current 
through the series arrangement of constant and variable 
resistance ; since otherwise the shunting effect due to the 
voltmeter would very materially reduce the regulator action of 
the variable resistance, thereby reducing the accuracy of the 
measurement. For this reason, the Wheatstone's bridge arrange- 
ment shown in Fig. 82 is preferable. Ti and Tg are the extreme 
terminals or points between which the p.d. is to be measured. 
The arms of the bridge are so proportioned that when the p.d. 
across Ti T2 has its normal value the bridge is balanced, and 
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FiQ. 32. — Kallmann's narrow range voltmeter. 



there is no current through the voltmeter. The latter may 
conveniently be a moving-coil milli-voltmeter with a zero at the 
centre of its scale. This zero would be marked with the normal 
value of the voltage. An increase of voltage would cause a rise 
of p.d. across the variable arms of the bridge, upsetting the 
balance and causing a deflection of the instrument one way, while 
a drop in the voltage would decrease the p.d. across the variable 
arms and cause a deflection the other way. Each out-of-balance 
current corresponding to a definite value of the total p.d., it is 
evident that the scale of the milli-voltmeter could be marked to 
read values of this total p.d., and the whole would form a ** limited 
scale " voltmeter of extreme sensitiveness. Numerous modifica- 
tions of this method have been successfully used in practice by 
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its inventor. Thus, the milli-voltmeter may be replaced by a 
relay which closes one or other of two circuits containing either 
lamps of different colours or bells of different tone, so that by 
means of a visual or acoustic signal the switchboard attendant is 
apprised of the fact that the voltage is either below a certain pre- 
determined minimum limit or above a maximum one. 



CHAPTER V. 

§ 61. Calibration of ammeters an«l voltmeters— § 62. Use of copper voltameter 
for calibrating ammeters — § 63. Principle of potentiometer method — 
§64. Crompton potentiometer — § 66. Calibration of voltmeters and ammeters 
by potentiometer method— § 66. Electric supply meters — § 67. Keason 
Manufacturing Co.'s meter— § 68. Chamberlain and Hookham meter — 
§ 68. Ferranti meter — § 90. Aron clock meter — § 61. Prices of electric supply 
meters. 

§ 51. Calibration of Ammeters and Voltmeters. 

One of the simplest and most convenient methods of 
"calibrating" an ammeter or voltmeter, i.e., of ascertaining 
the relation connecting its scale readings with the true values 
of the current or p.d., consists in comparing its readings with 
those of some standard instrument which may be taken as 
correct. As suitable standards, we may mention Lord Kelvin's 
multicellular voltmeters and current balances (§§ 88 and 89), or 
a high-class moving-coil instrument (§ 40). In the case of 
ammeters, the instrument under test is connected in series with 
the standard,* so that the same current flows through both, and 
a double set of readings (instrument and standard) is taken at 
regular intervals along the scale of the instrument. In the case 
of voltmeters, the instrument under test and the standard are 
joined in parallel, so as to obtain the same p.d. across each, and 
as before a double set of readings is obtained. 

From the two sets of readings the diflferences between the 
scale readings of the instrument and the true readings are easily 
obtained. This difference will in general vary at different parts 
of the scale. If « be the scale reading, and t the true reading or 
correct value (as given by standard instrument) corresponding to 
it, and if c represent the difference between the two, so that 
t = « -|- c, then c may be termed the correction at the part of the 
scale considered, and may obviously be positive or negative. 

* Care must, of course, be taken to arrange the instruments so that they do not 
affect each other. If, for example, both instruments are of the moving-coil type, 
they should be placed several feet apart. 
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Having found the values of c from our double set of readings, 
we may next plot a curve of corrections (sometimes also called 
error curve) connecting values of « (plotted horizontally) with 
values of c (plotted vertically), positive values of c being plotted 
upwards, and negative downwards. Such a curve of corrections 
immediately enables us to ascertain the true value corresponding 
to any given scale reading. For the sake of convenience, it is 
advisable to make the vertical or c-scale much larger than the 
horizontal or «-scale. 

§ 52. Use of Copper Voltameter for Calibrating 
Ammeters. 

A method of calibration applicable to ammeters which does 
not involve the use of any standard instrument is that of the 
copper voltameter. This voltameter has formed the subject of 
numerous careful researches, and the conditions which must be 
complied with in order to secure reliable results with it are now 
well established. 

The solution is prepared by dissolving pure re-crystallised 
copper sulphate in ordinary tap-water, the amount of water 
being such as to give a density lying between 1-15 and 1*18. To 
this solution is added 1 per cent, (by volume) of strong sulphuric 
acid. Each cathode plate is arranged between two anode plates, 
the distance apart of the cathode and anode on either side of it 
being about half an inch. In calculating the current from the 
amount of copper deposited, the following values of the apparent 
electro-chemical equivalent of copper* for various current 
densities at the cathode may be used: — 



Square inches of 
cathode area per 
amiiere 


10 


20 


26 


SO 


85 


40 


46 


Apparent electro- 
chemical equiva- 
lent . 


S27«xlO~* 


328-2x10"* 


828x10"* 


827-8 X 10"^ 


827-6 X 10"^ 


827-66 xlO"' 


827'5xl0"^ 



* The true electro-chemical equivalent of copper is an ab/tolute constant of 
nature ; but the amount of copper actually obtained on the cathode plate of a 
coppei' voltameter due to the passage of one coulomb is slightly variable, owing to 
th6 fact that some of the freshly precipitated copper is attacked by the electrolyte, 
and goes into solution. 
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If the current density exceeds "1 amp. / sq. in., the deposit is 
unsatisfactory, and does not adhere firmly to the plate. 

The calibration of Lord Kelvin's current balances is carried 
out by this method, which is particularly applicable to instru- 
ments obeying a definite law. Where there is no simple relation 
connecting the deflection with the current, the method is not 
so convenient, as a single experiment enables us to obtain the 
correction at one part of the scale only. 

§ 53. Principle of Potentiometer Method. 

The principle of this important method is the fact that in any 
circuit conveying a steady current the drop of potential occurring 
in any part of the circuit is proportional to the resistance of that 
part. The voltage between two (variable) points in such a 
circuit may be adjusted as desired by 8ele3ting the positions of 
the points so as to include more or less resistance between them. 
Let us, for example, consider the case of a circuit in which there 
is a steady current of *01 ampere. If we suppose that part of 
the circuit consists of a set of exactly equal resistances, each of 
10 ohms, joined in series, then the drop of potential over each of 
these resistances will amount to 10 X '01 = -1 volt. We may 
thus obtain voltages of '1, % '8, &c., of a volt, by taking the 
terminals of a single, or of two, three, &c., of our equal resist- 
ances in series. This gives us a sort of "volt scale," each 
division of which represents "1 volt. For purposes of exact 
measurement, however, it is essential to have a more minute 
sub-division of our volt scale. This may be readily provided by 
including in our circuit a slide-wire of uniform diameter, so that 
the drop of potential over any part of it is proportional to the 
length of that part. Let a length of this wire be chosen such 
that its resistance is exactly equal to that of one of our set of 
coils of equal resistance, and let this length be provided with a 
scale divided into 100 equal parts. Let us further suppose that 
by the aid of a slider contact may be established with any point 
of the wire, and so any desired fraction of its length be included 
in the part of the circuit across which the desired voltage is to 
be obtained. It is now evident that we can obtain any voltage 
from the maximum corresponding to the entire set of coils and 
slide-wire in series, down to a voltage represented by one 



, SeCONOART CCLL 



64 CONTINUOUS CURBENT ENGINBEBINO. 

hundredth part of the wire— i.e., by j^ = '001 volt— by steps 

of -001 volt at a time ; while by estimating tenths of a division 
of the wire, the voltage may be read to "0001 volt. 

The set of coils of equal resistance are termed the potentio- 
meter coils, and the slide wire the potentiometer wire. Taken 
together, they constitute a potentiometei\ 

A potentiometer is thus simply a **volt scale," capable of 
furnishing us with accurately known voltages. We have next 
to consider how such a volt scale may be applied to the 
measurement of unknown voltages. 

The measurement of an unknown voltage by the potentio- 
meter method consists in finding a known voltage on the 

potentiometer which is exactly 
equal to the unknown voltage. 
The measurement therefore 

^ wcw TiowtTCR C.HCU.T ) resolvos itself into ascer- 

ft taining whether two voltages 

f)<^ur*NONiTM —belonging to two distinct cir- 

— -L — cuits — are equal or not. This 

* . is easily effected as follows : — 

Fig. 33. — To illustrate principle of t^- -n* oft-n-n 

potentiometer mefhod. ^^^ ^^ ^^g' 88 ^i ^^ repre- 

sent a given portion of the 
potentiometer circuit, while Xi and Xg are two points belonging 
to some other circuit, and let it be required to find whether the 
voltages across Pi Pa and Xi Xa are equal. The first step consists 
in ascertaining which point of each pair is at the higher potential. 
Let us suppose that Pi is at a higher potential than Pa, and Xi 
at a higher potential than Xa. Pi is then connected to Xi, and 
so Pi and Xi are reduced to the same potential. If now the p.d. 
across Xi Xa is equal to that across Pi Pa, then Pa will be at the 
same potential as X3. Hence P3 may be connected to Xa without 
causing any current to flow between them. In order to ascertain 
the equality in the potentials of Pa and Xa, a galvanometer is 
connected across the two points as shown. If Pa is at a higher 
potential than X,, a current will flow from Pa to Xa ; but if Pa is 
at a lower potential than X„ the current will flow in the opposite 
direction. The measurement consists in adjusting the p.d. 
across Pi Pa until it is found to balance the unknown p.d. or 
e.m.f. between Xi and X9. 
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In order that the potential drop over each coil of .the potentio- 
meter may remain constant, the current must be maintained at 
a constant value. For this reason, a secondary cell is used as 
the source of current, as such a cell is capable of supplying a 
current which will remain practically constant over considerable 
periods. 

It is evident that the first step in using the potentiometer 
is to adjust the current with a high degree of accuracy to the 
value required. Thus in the case considered above, in which 
each potentiometer coil has a resistance of 10 ohms, the current 
must be '01 ampere. At first sight, the simplest plan would 
appear to be that of including a suitable ammeter in the poten- 
tiometer circuit. Even the best amniieter, however, could not be 
read with a degree of accuracy comparable with that which may 
be attained in testing the equality of the p.d.'s across Pi Pa 
and Xi Xj in Fig. 88. The accuracy of the potentiometer 
measurement would thus be limited by the accuracy of the 
ammeter included in its circuit. In order to avoid this dis- 
advantage, the adjustment of the current is carried out by a 
different method, as follows. A standard cell — such as a Clark 
cell — whose e.m.f. is known with a high degree of accuracy,* 
is connected between the points Xi Xq, and the resistance between 
Pi Pj is arranged so that if the required current were flowing in 
the potentiometer circuit the drop of potential over Pi Pa would 
equal the e.m.f. of the standard cell. The current is next 
adjusted so that the drop over Pi Pa equals the e.m.f. of the 
standard cell. In the case of a Clark cell at 15° C, e.g., whose 
e.m.f. is 1*484 volts, and potentiometer coils of 10 ohms resis- 
tance each, the resistance between Pi Pa would be made 148*4 ohms 
— i.e., it would consist of 14 whole coils and 84 scale 
divisions of the slide-wire, as with this resistance between Pi P, 
and a current of '01 ampere the p.d. across Pi Pa would be 
1-484 volts. 

§ 54. Crompton Potentiometer. 

One of the best known forms of potentiometer is the Crompton 
potentiometer, the connections of which are shown in Fig. 84. 
There are 14 potentiometer coils and a slide-wire (to 

• To 1 part in 1,000. 
C.C.B. F 
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correspond to the e.m.f. of 1'484 volts of a Clark cell). In 
addition to these, a set of resistance coils for rough adjustment 
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Fio. 34. — Connections of Crompton potentiometer. 

of the current, and a continuously variable resistance (con- 
sisting of a bare wire wound in a spiral groove on the surface of 
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Fio. 35. — Details of Crompton potentiometer. 

an ebonite cylinder) for fine adjustment are provided. Contact 
with the slide-wire is obtained by means of a slider which 
bridges across the potentiometer wire and a second wire, marked 
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"contact wire" in Pig. 84, stretched parallel to it. In order 
to minimise the wear of the sUde-wire as much as possible, this 
wire is made of a nickel-steel alloy ('' nickelin"), a material 
combining low temperature coefficient of resistance with great 
mechanical hardness. The other coils are made of the same 
material, are silk-covered, and wound on small boxwood bobbins 
arranged in a circle as shown. The method of fixing the slide- 
wire and details of the construction of the slider are shown in 
Fig. 85. The slider is mounted on a divided carriage formed by 
two cross-heads attached to the ends of a flat steel band passing 
over two pulleys, one at each end of the instrument base-board. 
By turning either pulley, the slider may be moved one way or 
the other. The slider itself consists of a couple of flat springs 
fitted with short lengths of silver wire along the end portions of 
their inner surfaces, the cylindrical surfaces of the silver wires 
bearing on the slide and contact wires. 

The terminals Ti Ta in Fig. 84 correspond to the points Xi X2 
in the diagram of Fig. 88. The galvanometer key, it will be 
noticed, is of special construction. If it is pressed only far 
enough to close the first contact, a sufficient amount of resistance 
is included to prevent an excessive current from passing through 
the galvanometer. If the deflection is very small, the key is 
pressed further, until the second contact is reached and the first* 
section of the resistance short-circuited. Should the deflection 
be still inconveniently small, the key is pressed hard down, all 
the resistance being thereby short-circuited. 

In order to save time when a number of measurements have to 
be made in succession, the points Ti T2 are connected through a 
multiple-contact switch to a number of pairs of terminals, so that 
the passage from one pair of terminals to the next is rapidly 
effected by simply turning the multiple-contact switch. 

The first step in using the potentiometer consists in standard- 
ising it — i.e., in adjusting the current to the correct value — by 
means of a standard cell, in the manner explained in the latter part 
of § 58. 

§ 55. Calibration of Voltmeters and Ammeters 
by Potentiometer Method. 

By means of the potentiometer, we can directly measure 
voltages up to about 1*5 volts. But the range of measurement 

f2 
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may be readily extended to very much higher voltages 
by the simple expedient of subdividing the unknown voltage 
by means of a suitable resistance, and measuring a known 
fraction of it on the potentiometer. Suppose, for example, that 
the unknown voltage does not exceed 600. The voltage which we 

can directly measure does not exceed 1*5, which is .-^r^ or :fj^th 

600 

of the unknown voltage. If, therefore, we apply our unknown 
voltage to a resistance of, say, 40,000 ohms, subdivided, as shown 

in Pig. 86, so that the resist- 
ance of one section, Xi Xg, is 
only 100 ohms, or ^^^th of 
the total, then it is evident 
that the p.d. across this section 
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Fio, 36.— Measurement of high voltage by Jg within the range of direct 
potentiometer. . ,x 

measurement on the potentio- 
meter. A subdividing resistance for use with the potentiometer 
is termed a volt-box, and for the sake of convenience several 
points of subdivision are provided, corresponding to different 
fractions of the total resistance. In cahbrating a voltmeter, the 
volt-box is connected in parallel with the voltmeter. 

The measurement of currents, and the calibration of ammeters, 
are readily effected by introducing a known standard resistance 
into the circuit, and measuring the p.d. across it by means of the 
potentiometer. If the current does not exceed 50 amperes, for 

example, a standard resistance of -^= '08 ohm would be suitable. 

Such resistances take various forms, according to the magnitude of 
the current to be dealt with. For small currents (up to about 10 
amperes) spirals of manganin wire are used ; while for larger cur- 
rents, wide strips of the same metal suitably mounted are commonly 
employed, several strips being connected in parallel if the current is 
very large. 

§ 56. Electric Supply Meters. . 

For the measurement of the total amount of energy supplied 
to a consumer, instruments generally known as supply meters, or 
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meters Bimply, are used. Let Vi, Va, Vs, &c., and ii, 12, 13, &c., 
respectively stand for the p.d.'s and currents during the succes- 
sive time intervals t^ h, ts, &c., respectively. The total energy 
supplied to the consumer is 

E = Vi 11 <i + Va ta f a + Vs t8 <8 + ' 

An instrument which measures the sum of all such expressions 
as V^ i^ t^, and whose reading therefore depends on the voltage as 
well as on the current during any time interval, is termed an 
energy meter, watt-hour meter, or integrating wattmeter. Electric 
energy is generally supplied at an approximately constant p.d., 
so that if we neglect fluctuations in the p.d., and assume that it 
remains constant at a value V corresponding to its mean value 
the expression for the energy may be written 

E = V (ti ti + ia ^ + t8 *8 +) 

An instrument whose reading depends simply on the expres- 
sion within the brackets — which represents the total electric 
quantity supplied to the consumer — is termed a quantity meter, 
coulomb-meter, or integrating ammeter. Such a meter takes no 
account of fluctuations in the p.d., and from this point of view 
is a less perfect instrument than an energy meter. On the other 
hand, quantity meters are simpler and cheaper to construct than 
energy meters, and are for this reason much more extensively 
used, especially for small consumers. 

Most electric supply meters may be referred to one or other of 
three main types, viz., (1) electrolytic meters, (2) motor meters, 
and (8) clock meters. 

§ 57. Reason Manufacturing Co/s Electrolytic 
Supply Meter. 

The electrolytic type of supply meter depends, as indicated by 
its name, on the chemical effect of the current. It is one of the 
earliest types introduced, various arrangements having been used 
by Edison at different times. These e&rlier forms were shunted 
copper and zinc voltameters, and most of them were not direct- 
reading, the quantity having to be determined periodically by 
weighing the plates. An electrolytic meter is, by its very nature, 
a quantity meter. 

One of the best-known modem examples of the electrolytic 
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type is the meter manufactured by the Eeason Manufactur- 
ing Co., Ltd., of Brighton. Originally, this meter was the 
invention of A. Wright, but it has been considerably improved by 
Hatfield. The essential parts of this meter, and a diagram of its 
connections, are shown in Fig. 87. Cemented to a glass reservoir 
of the shape shown is a long glass tube, flattened sideways and 

provided with a scale 
(the scale is not shown 
in the diagram). The 
bulk of the reservoir 
and tube, which are 
hermetically sealed, 
is filled with the elec- 
trolyte — a double 
iodide of mercury and 
potassium. The cur- 
rent passes along a 
platinum wire sealed 
through the wall of 
the reservoir, and 
reaches the mercury 
anode, which is con- 
tained in an annular 
trough around the 
lower part of the 
reservoir. It then 
flows through the elec- 
trolyte to the thin 
ring-shaped iridium* 
foil cathode, and passes 
out by the wire con- 

FIG. 37.-Wright electrolytic meter. ^^^^^ ^^ -^^ Mercury 

goes into solution at the anode, and is deposited on the cathode, 
where it collects in small drops which finally fall down the glass 
tube and collect in it. The total electric quantity is proportional 
to the amount of mercury which has collected in the glass tube, 
and the corresponding energy is read off directly on the scale in 
B.O.T. units. 

Means must obviously be provided for maintaining the supply 

* Platinum foil cathodes were found to be attacked. 
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of mercury in the annular trough. This is done automatically by 
providing the reservoir with a side vessel communicating with it 
and shaped somewhat like the inverted bulb of a retort. This is 
at the start completely filled with mercury, and the level of the 
mercury in the annular trough is sufficiently high to completely 
close up the orifice of the side vessel. As the mercury goes into 
solution, its level is gradually lowered, until finally the upper 
part of the orifice or channel connecting the two vessels becomes 
sufficiently exposed to enable a drop of the electrolyte to force its 
way along the channel and bubble up through the mercury to the 
top of the side vessel, an equal volume of mercury being thereby 
displaced which flows into the annular trough and again seals 
up the channel connecting the two vessels. In this way, the 
mercury in the anode trough is automatically maintained at an 
approximately constant level. 

In order to prevent the mercury in the anode trough from being 
mechanically jerked over into the tube, a platinum wire gauze 
guard cylinder is provided, having its bottom edge sealed into the 
projecting glass lip which forms the inner boundary of the 
trough. The instrument is re-set very simply after a quantity 
of mercury has collected in the tube and the reading has been 
taken, by freeing the lower end of the scale and tube and tilting 
the entire tube (which is suitably pivoted near the top) so as to 
allow the mercury to flow back into the side vessel of the 
reservoir. 

It would be impracticable to allow the entire current to flow 
through the voltameter, hence a manganin shunt is provided 
which takes the bulk of the current (see diagram of connections. 
Fig. 37). This shunt will have practically the same resistance at 
all temperatures. Since, however, the resistance of the volta- 
meter changes considerably with temperature, decreasing as the 
temperature rises (by about 2J| per cent, per degree C), it is 
obvious that a large temperature error would be introduced if the 
voltameter were connected directly across the shunt. This 
difficulty is overcome in a very simple and ingenious way by con- 
necting in series with the voltameter, which has a negative 
temperature coefficient, a coil of iron wire, whose temperature 
coefficient is positive, the resistance of the wire being such 
that the total temperature coefficient of the voltameter and iron 
coil in series vanishes. The loose coil of silk-covered iron wire 
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which forms this compensating resistance is immersed in oil con- 
tained in a small test-tube arranged at the back of the instrument 
case. 
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§ 58. Chamberlain and Hookham Meter. 

The most numerous class of electric supply meter is that 
belonging to the motoi* type. The feature common to all such 
meters is the use of some form of electric motor. In some cases 
(as in the Elihu Thomson meter) the motor is of somewhat 
elaborate construction, resembling in general arrangement the 

ordinary forms 
of electric mo- 
tors (without, 
however, any 
iron cores). But 
in most repre- 
sentatives of 
this type the 
motor is of a very 
simple and rudi- 
mentary form. 
The rotating 
part generally 
takes the shape 
of a cylinder or 
a flat disc of 
copper. 

Fig. 38.— General arrangement of Chamberlain and V\ £ j.v. 

Hookham meter. ^ne of the 

more recent 
forms of motor meter is the Chamberlain and Hookham meter, 
the general arrangement of which is shown in Fig. 38, while 
Figs. 89 and 40 illustrate some details of construction. A 
large U-shaped permanent magnet is fitted with soft iron 
pole-pieces, which are attached to it by means of screw-clamps 
as shown in Fig. 38, so that the entire pole-piece system is 
easily removable. The pole-pieces are shaped as shown in Fig. 
39, and are held together by being embedded in a solid block of a 
special non-magnetic and non-conducting composition. The 
annular space between the pole-pieces and the cylindrical space 
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above it form the 
mercury chamber. 
Into the annular 
space is intro- 
duced the cup- 
shaped rotor (or 
rotating part) of 
copper shown 
separately in Fig. 
40. This rotor 
is enamelled over 
its entire surface, 
and is thus pre- 
vented from 
coming into direct 
contact with the 
mercury, with the 
exception of the 
top and bottom 
edges, which are 
amalgamated. The 
rotor spindle car- 
ries two weights 
which serve to 
counteract the 
buoyancy due to 
immersion in the 
mercury, and is 
fitted with a pinion 
geared to the 
counting train. 
The current 
enters the mer- 
cury by a hori- 
zontal copper 
contact-screw (the 
position of which 
is shown dotted in 
the left hand pole- 
piece, upper part 
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Fig. 39.-— Pole-piece sjstem of Chamberlain and 
Hookham meter. 
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Fio. 40. — Rotor of Chamberlain and Hookham meter. 

of Fig. 89), and, crowding into the upper 
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edge of the copper cup, flows vertically downwards, mainly along 
the left-hand side of its cylindrical surface, and on leaving the 
lower edge of the rotor passes down a vertical contact- screw 
(indicated by dotted lines in Fig. 89). Since the left-hand 
portion of the rotor, down which the current mainly flows, 
is in an intense horizontal field, it will tend to move across 
this field (§ 2), and rotation will take place. As soon as the 
rotor begins to move, however, its motion across the field will 
give rise to an induced e.m.f. opposing the current. This e.m.f. 

will give rise to 
eddy - currents 
in the rotor 
mass which tend 
to arrest the 
motion. The 
rotor speed will 
adjust itself so 
that the driving 
torque is equal 
to the resisting 
torque. Now 
the driving 
torque is pro- 
portional to the 
current (the 
field remaining 
constant), while 
the resisting 
the induced or 
driving torque 



BLOCK CONTAININC 

MCRCUR1 CMAnen 




•^-nRMANCNT MACNIT 



con^CNaATiNft cott 



Fig. 38- 



-Generfd arrangement of Chamberlain and 
Hookham meter. 



torque is proportional to the speed (to which 
eddy-currents are proportional). Hence, the 
being equal to the resisting torque when a constant speed has 
been reached, it follows that the current will be proportional 
to the speed, and therefore the total electric quantity which 
has passed through the meter during a given time to the total 
number of revolutions made by the rotor during the same time. 
The meter will therefore act as a quantity meter. 

In the above, we have supposed that the only resisting torque 
is that due to eddy-currents. But in addition to this, we also 
have the frictional resisting torque due to friction at the rotor 
pivots and friction in the counting train, and further the resistance 
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due to mercury friction, the rotor being immersed in mercury. 
The friction of the counting train is very small. The rotor pivot 
friction may be made practically negligible ; not so, however, the 
mercury friction, the retarding torque due to which increases 
rapidly with the speed. In order to compensate for the appreciable 
mercury friction at the higher speeds, a compensating coil, 
carrying the main current and wound around a soft-iron com- 
pensating core (Fig. 88), is provided, which acts as a variable 
magnetic shunt across the pole-pieces, and diverts more and 
more of the flux due to the permanent magnet from the air- 
gap into itself, thereby weakening the air-gap field with increas- 
ing load. Now if the gap field is weakened in a certain ratio, 
the driving torque will be reduced in the same ratio, but the 
eddy-current torque will be reduced in the sqaare of this ratio,* 
and so an increase of speed will take place, the retarding efifect 
of mercury friction being thereby compensated. 



§ 59. Ferranti Meter. 

Another example of a motor meter of recent design is the 
Ferranti-Hamilton meter. This is shown in Fig. 41. The 
rotor is in the form of a copper disc. The rotor spindle carries 
a worm at the top, which gears with a worm-wheel ; the latter 
being in direct connection with the counting train. The rotor 
disc is platinum-plated and enamelled, except at its centre and 
along its edge, where it is amalgamated so as to make goo(^ 
contact with the mercury. The rotor disc is placed in a mercury 
bath formed by two nickel-plated brass plates separated by an inter- 
vening ring of vulcanised fibre. The inner surfaces of the brass 
plates are prevented from coming into direct contact with the 
mercury by two presspahn washers. The current enters the 
mercury bath by a horizontal contact-stud passing through the 
fibre ring, and the greater part of it flows in a radial direction 
through the rotor disc towards its central portion, where it 
enters the mercury and flows down it to the vertical contact 

• The driving current is obviously independent of the magnetic field ; a change 
in the latter in a given ratio will therefore alter the driving torque in the same 
ratio. But the eddy currents are proportional to the field, and the product "eddy 
current x field," which determines the resisting torque, is thus proportional to 
(field)3. 
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stud. From this it passes round the compensating coil and 
finally reaches the negative terminal. 

Two powerful permanent magnets placed side by side, and 
of the shape shown in Fig. 41, are fitted with pole-pieces screwed 
into the brass plates forming the mercury bath. The two upper 
as well as the two lower poles are of the same polarity, and 
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Fio. 41. — Ferranti-Hamilton meter. 



each pair is connected by a bar of soft iron, the bar connecting 
the lower pair being surrounded by the compensating coil. The 
right-hand magnet is the driving magnet, and provides a vertical 
field through that portion of the rotor disc which carries the 
greater part of the main current. The current flowing radially 
inwards, and the field being vertically upwards, the disc will 
(§ 2) be driven in a counter-clockwise direction when viewed 
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from above. The other magnet provides a vertical field which 
induces eddy-corrents in the disc and so supplies the necessary 
braking torque. As in the Chamberlain and Hookham meter, 
the driving torque is proportional to the current, and the braking 
torque to the speed. Hence the current varies as the speed, and 
the quantity as the number of revolutions, the meter being again 
a quantity meter. 

Mercury friction is compensated for by an automatic strengthen- 
ing of the driving field and an equal weakening of the braking 
field with increase of load. This is brought about by the 
compensating coil, which, as an inspection of Fig. 41 will 
show, gives rise to a local magnetic flux around the magnetic 
circuit formed by the two air-gaps, the two pairs of poles, and 
their soft iron connecting bars. The superposition of this local 
magnetic flux on the main flux produces a redistribution of the 
resultant flux of the nature mentioned, viz., a crowding of the 
lines into the driving gap, and a reduction in the lines of the 
braking gap. It is to be noted that this produces no magnetising 
or demagnetising efifect on the permanent magnets themselves. 

§ 60. Aron Clock Meter. 

The principle of the clock type of meter is briefly as follows. 
Two pendulums, of similar construction and placed side by side, 
carry at their lower extremities fine- wire coils which are connected 
in series with each other and with a large non-inductive resistance, 
and are then bridged across the mains. Immediately underneath 
the pendulum coils are arranged two thick-wire or series coils 
which are inserted into one of the mains and convey the current 
which is being supplied to the consumer. The connections are 
made so that there is attraction between one of the pendulum 
coils and its series coil, resulting in a downward pull on the 
pendulum coil ; and that there is repulsion between the remaining 
pendulum coil and its series coil, giving an upward thrust on that 
pendulum coil. Thus the first pendulum will be accelerated, and 
the second one retarded, when a current is flowing through all 
the coils. The accelerating and retarding forces will be pro- 
portional to the product of the currents in the pendulum and 
fixed coils, but since the current through the pendulum coils 
is proportional to the p.d., the forces will vary as the product 
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of the p.d. into the current — 1.«., as the power. Now it may 
be shown that so long as the accelerating and retarding forces 
do not exceed a certain limit, they are approximately proportional 
to the difference in the number of vibrations per second of the 
two pendulums, assuming that the periods of natural vibration 

of the pendulums — 
when the system is 
not acted on electro- 
magnetically — are 
approximately equal. 
From this it follows 
that the energy sup- 
plied to the consumer 
during a given period 
is approximately pro- 
portional to the dif- 
ference in the number 
of vibrations made by 
the two pendulums 
during that time. Such 
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a meter is, therefore, 
an energy and not a 
quantity meter like 
those hitherto con- 
sidered. 

The general arrange- 
ment and electrical 
connections of the Aron 
clock meter will be un- 
derstood from Figs. 42 
(a) and (fc). The natural 
periods of vibration 
may be adjusted to 
approximate equality 
(which is all that is necessary, exact isochronism not being 
required) by means of the regulating nut provided on one of the 
pendulums. Each pendulum is driven in the usual way by an 
escapement wheel. The spring driving the escapement wheels is 
wound up by an electro-magnet about every half minute. 

The winding magnet and its essential details are illustrated in 




Fio. 42. — General arrangement and diagram of 
connections of Aron clock meter. 
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Fig. 48. The mainspring consists of a flat strip of steel, one end 
of which is fixed to a pin mounted on a brass plate (not shown) 
screwed to the pole-pieces, while the other is attached to the 
Z-shaped armature of the magnet, which is mounted on an axle 
so as to be free to rotate between the pole-pieces. The core and 
armature of the magnet consist of thin iron stampings. 
Figs. 48 (a) and 48 (6) show the armature in its two extreme 
positions, (a) showing the mainspring unwound, and (b) fully 
wound. The torque due to the pull exerted by the mainspring on 
the armature is transmitted to the main driving axle by means of 
a pawl mounted on a brass segment screwed to one end of the 
armature, as shown in Fig. 48 (c), the pawl engaging a ratchet 
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Fio. 43. — Winding electro-magnet of Aron clock meter. 

wheel mounted on the main driving axle. A second pawl (fixed 
to the front brass plate mentioned above) maintains the ratchet 
wheel in its position while the armature is winding up the main- 
spring and the pawl attached to it is slipping over the teeth of the 
ratchet wheel.* 

The automatic switch which periodically (every 80 sees.) closes 
the circuit of the magnet coil and causes the mainspring to be 
wound up is clearly shown in Fig. 43. The switch consists of a 
two-pronged fork, one of the prongs being a metal one and being 
fitted with a silver contact plate, while the other consists of two 
strips of vulcanised fibre, one shorter than the other, with a piece 

* Between that part of the driving axle which cnrries the ratchet wheel and the 
part carrying the driving differential gear is inserted an elastic coupling in the 
form of a spiral spring, the torque of which is sufficient to drive the pendulums 
during the very brief period that the mainspring is being wound up. 
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of clock- spring held between them. The switch is fitted with a 
spiral spring so arranged that if left to itself the switch will be 
pulled by the spring into one or other of its extreme positions, 
but will not remain in any intermediate position (on the dead 
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Fio. 43. — Winding electro-magnet of Aron clock meter. 

centre, the equilibrium is unstable). In the position (a), the 
circuit of the coil is closed, a contact-pin attached to the armature 
(this pin projects from a brass plate, which has been omitted for 
the sake of clearness) bearing against the silver contact plate. 
As the armature moves round, the contact is maintained by the 

tension of the spiral spring, until — the 
armature having reached its extreme 
position, as shown in (b) — the switch 
passes over its dead centre, and snaps 
away from the contact-pin, suddenly 
breaking the circuit of the coil.* 

The main driving axle carries the 
cross-arm of the " differential gear " 
shown in Fig. 44. At one end of this 
cross-arm is mounted a bevelled "planet" 
wheel which is free to revolve about 
the cross-arm as axis, while at the other end are arranged 

* In the figure, for the sake of simplicity, the right-hand prong of the switch is 
shown as carrying a plate of insulating material. In the actual instrument, as 
already explained, the prong consists of two strips of vulcanised fibre, the inner 
one shorter than the outer, with a piece of clock-spring between them. The con- 
tact pin presses against the clock-spring, which takes the wear (the shorter inner 
strip of fibre allows the pin to clear it). 




Fig. 



44. — Differential 
of Aron meter. 
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counterpoise nuts. The planet wheel engages two crown wheels, 
one on each side, which are rigidly attached to toothed wheels. 
Each combined crown and toothed wheel rides loose on the main 
driving axle, and engages a pinion, as shown in Fig. 45, mounted 
on the escapement-wheel axle. It is evident that while the 
differential gear transmits a driving torque to each escapement 
wheel, it leaves the escapement wheels free to move at different 
rates. If each wheel has the same speed, there is no rotation 
of the planet wheel about the cross-arm ; but if the speeds are 
different, then in addition to the rotation of the cross-arm we 
have a rotation of the planet wheel about its axis. 

In order to count 
the difference in the 

number of vibra- / y\ ctui 

tions made by the 
two pendulums, a at^n^^w mw. «tc 

second differential ,oothcp --cu « sacr^^S)^ ^ f'A^ •'•«cono«n.ulu« 
gear, arranged as 
shown in Fig. 46, is 

employed. So long / y^,.,_^toetHa *«ttu tum md smk 

as the pendulums 

vibrate at the same \^ ^nuvtH mfrcuNriAL qkah 

rate, the side wheels 

of the driven diffe- pj^ 45.-AiTangement of driving and driven 

rential gear will difEerential gears. 

travel at . the same 

speed in opposite directions, causing a rotation of the planet 
wheel without carrying round the cross-arm. But as soon as 
the rates are different, the cross-arm begins to move, driving the 
counting train. 

If the natural periods of vibration differ appreciably — and any 
attempt to secure exact equality would greatly increase the cost 
of production of the meter — a record will be made even if there 
is no current through the series coils. In order to eliminate this 
source of error, a very ingenious method has been adopted, which 
consists in reversing the currents through the pendulum coils 
about every ten minutes, and at the same time reversing the 
direction in which the counting train is driven by the differential 
gear. Both reversals take place simultaneously, the electrical 
one by means of a two-part commutator which is suddenly 

o.o.B. a 
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rotated through 180° every ten minutes, and the mechanical 
one by a lever which is thrown one way or the other by a 
crank pin on the commutator axle, the lever in the first posi- 
tion introducing an extra toothed wheel into the set of inter- 
mediate wheels between the differential gear and counting 
train, and in the second position throwing this extra wheel out of 
gear. By means of this arrangement, the error arising from 
want of isochronism between the two pendulums is practically 
wiped out, each pendulum being alternately accelerated and 
retarded while the other is retarded or accelerated. The sudden 
rotation of the reversing gear axle is effected by means of a spring 
which is gradually wound up and suddenly released at the end of 
every ten minutes. 

§ 61. Prices of Electric Supply Meters. 

The price of an electric supply meter, like that of any other 
measuring instrument, varies a great deal, according to the size 
and type. The cheapest class is that of the electrolytic meters, which 
range from about ^2 to £3. Motor meters r&nge from about £S 
to about £6, and a clock meter costs from about £6 to about £9, 
The above prices are for currents not exceeding about 100 amperes. 
For very large currents, the prices will be much higher, a 1,000- 
ampere meter costing from £25 to £80. In the case of watt-hour 
meters, the price also depends on the voltage, the cost of the 
shunt circuit of the meter rising with increasing voltage. 
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§ 62. Principle of a Dynamo. 

A dynamo may be defined as a machine for the conversion of 
mechanical into electrical energy. The action of a dynamo as a 
generator of continuous current depends on the principle of elec- 
tromagnetic induction discovered in 1881 by Faraday. According 
to this principle (§ 5), a conductor moving with its length per- 
pendicularly across a magnetic field becomes the seat of an e.m.f., 
the numerical value of which, in G. G. S. unitS) is equal to the 
number of G. G. 8. magnetic lines cut by the conductor per 
second. 

In order to apply this principle practically to the conversion of 
mechanical into electrical energy, we have to provide a magnetic 
field in which the motion can take place, a system of conductors 
in which the e.m.f.'s are induced by the motion, and suitable 
arrangements for maintaining contact between the system of 
moving conductors and the external circuit in which the current 
is utiUsed. 

§ 63. Component Parts of Dynamo. 

The magnetic field is provided by a system of powerful electro- 
magnets known as the field-magnets or field simply. The general 
arrangement of these magnets is shown in Fig. 46. The magnet 
cores (cast steel) are of circular or rectangular cross-section, and 
each carries its own exciting coil {oijield coU). These cores pro- 
ject radially inwards from a circular casting (of cast-iron or steel) 
known as the yoke. Each core terminates in an expansion known 

a2 
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as the pole-shoe. The function of the pole-shoe is to spread the 
magnetic flux over a larger area as it enters the au*-gap, and so 
to reduce the reluctance (§ 81) of the gap. Within the cyhn- 
drical space bounded by the pole-shoes is placed a cylindrical iron 
core, known as the armature core, the primary function of which 
is to provide a path of low reluctance for the magnetic flux as it 
passes from one pole-shoe to the next. The importance of main- 
taining the reluctance of the magnetic circuit as low as possible 
will be evident when it is considered that the amount of copper 
on the field will depend directly on the reluctance of this circuit. 



nCLD CORE OR POLE 
FIELD COIL- 
POLC-SHOE 

ARMATURE CORE 





Fig. 46. — General arrangement of typical dynamo. 



The connections of the field coils are such that the magnetic 
polarity of consecutive pole- shoes is alternately north and 
south. The mean path of the magnetic flux is indicated by 
the dotted lines in Fig. 46. It will be seen that the flux proceed- 
ing from a core through a north pole-shoe divides on entering the 
armature core, one half of it passing to each of the two neigh- 
bouring south pole-shoes. On passing through the corresponding 
field cores, the two fluxes enter the yoke and meet at the top of 
the core whence they started. It will be seen (I) that there are 
as many magnetic circuits as there are field cores ; and (2) that 
the flux distributed over the yoke and armature cross-sections is 
(leakage neglected) only half that distributed over a field core. 
The field cores are frequently spoken of as the poles of the 
machine. 
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Between the pole-shoes and the surface of the armature core 
we thus have an annular air-space — the air-gap or gap simply — 
in which a system of conductors might be arranged to rotate, the 
armature core being stationary. Such an arrangement would, 
however, present considerable difficulty from the point of view of 
mechanical construction, and would also necessitate the use of an 
abnormally large air-gap. Hence the conductors are mounted on 
the armature core itself, and the core is rotated bodily with the 
conductors, the whole forming the armature of the dynamo. 



§ 64. Construction of Armature Core. 

The mechanical construction of the armature may be greatly 
improved, and the air-gap of the machine reduced, by embedding 
the conductors in slots cut in the surface of the armature, as shown 
in Fig. 47, and this is the form of con- 
struction almost invariably used at the ^insulation 
present time. Owing to the rotation of 
the armature core, the core itself is 
cutting magnetic lines, and as a result 
there will be e.m.f.'s induced in it in a ^. 
direction parallel to the axis of rotation. ^^^ 47.^Arrangeinent of 
These e.m.t's will, on account of the conductore in slots, 
alternation in the polarity of the poles, 

alternate along the armature circumference, the e.m.f.'s in the 
portions of the armature core under cover of the north poles 
all having one direction, while those under cover of the south 
poles have an opposite direction. Since the armature core 
if solid would provide closed paths or circuits for these oppo- 
sitely directed e.m.f.'s, enormous currents would circulate in it, 
causing very large waste of power and heating of the core. Such 
currents, circulating around closed paths in the mass of any solid 
conductor, are termed eddy-currents. The enormous loss which 
would be occasioned by solid armature cores renders the use of 
such cores practically impossible, and the eddy-currents are 
reduced to a sufficiently small amount by laminating the core, 
i.e., building it up of thin sheets or laminae of iron or steel insu- 
lated from each other. These sheets are variously termed core 
stampings^ core discs or laminaticms, and in dynamos are not more 
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than -025 inch thick. The direction of lamination being at 
right angles to the direction of the induced e.m.f.'s, the latter are 
prevented from giving rise to large current-densities in the core, 
as they can only act around circuits of very high resistance (due 
to small thickness of laminations). The insulation between the 
armature laminations consists either of very thin paper or of 
insulating varnish. 



§ 65. Law of Eddy-current Loss. 

It is easy to show that the eddy current loss is proportional to 
the square of the thickness of the core-discs. In Fig. 48 (a) is 
represented a portion of a core disc of thickness ty the mean path 



T" 



(a) 
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Fig. 48.--TO iUustrate law of eddy-current loss. 

of the eddy-currents being indicated by the dotted line. In 
Fig. 48 (fc) are represented two core-discs, each of thickness ^t, 
with the mean eddy-current paths shown as before. It is evident 
from the figures that in each of the thin core-discs the total e.m.f. 
around this eddy-current path is only half as great, and the total 
resistance of this path twice as great, as they are in the single 
core-disc of thickness t. In the general case, by substituting n 

discs, each of thickness -, for a single disc of thickness t, we 

n 

reduce the e.m.f. around each eddy-current path to -th of its 

original value, and increase the resistance of the path n times. 
Let € = e.m.f. around eddy- current path in single thick disc, and 
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r = resistance of this path. Then the eddy-current loss occur- 
ring in the path is -. The eddy-current loss in a corresponding 

V 

path in each of the thinner discs is ^-^-^ = -=•-. But since 

rn rr r 

there are n thin core-discs corresponding to the single thick one, 

1 g2 1 

the total loss in the n discs is — , • -, or only — ., times that in the 

fr r rr 

single thick disc. Thus by reducing the thickness of the discs in 

the ratio 1 : n, we reduce the eddy-current loss in the ratio 1 : n\ 

Again, it is easy to see that the eddy-current loss varies as the 

square of the armature speed. For if the speed be increased 

m-fold, the eddy-current e.m.f. will also be increased m-fold, 

and hence (the resistance of the eddy-current paths remaining 

practically unaltered) the eddy-current loss will increase m^-fold. 



§ 66. Nature of E.M.F. Induced in Armature 
Conductor. 

Let us now consider the e.m.f.'s induced in the armature 
conductors laid in the slots between the teeth of the core. As 
the armature rotates, the e.m.f. induced in each conductor 
alternates in sign as many times during each revolution as 
there are poles in the field. For every time that a conductor 
emerges from under a north pole and passes under cover of the 
neighbouring south pole, or vice versa, the e.m.f. in it is 
reversed. Thus the e.m.f. induced in each armature conductor 
is an alternating one, and the problem now before us is to utilise 
these alternating e.m.f.'s in the individual conductors in such 
a manner as to obtain a uni-directional or continuous e.m.f. with 
respect to an external circuit. 

§ 67. Problem of Connecting Armature 
Conductors. 

Since the field intensity in the gap seldom reaches a value of 
10,000 C. G. S. units, and the peripheral velocity of arma- 
tures does not generally exceed 5,000 feet per minute, or 
2,640 cm./sec, we see that the e,m,f., in volts, per cm. length of 
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armature conductor does not ordinarily exceed '264 (§ 5). This 
corresponds to about 7*74 volts per foot length of conductor. It 
is therefore evident that in order to obtain voltages of the order 
of 250 and 500, such as are commonly used nowadays, we must 
connect a number of armature conductors in series with each 
other in such a manner as to obtain addition of their e.m.f.'8. If 
at one end of the armature we connect a conductor to another 
which is separated from it by a distance approximately equal to 
the pole-pitch, i.e., the distance, measured along the armature 
circumference, between the centre linerf of two neighbouring 
pole-pieces (see Fig. 49), the e.m.f.'8 in the two conductors will 
at every instant be added (Fig. 49), since while one of them is 



CONDUCTOR AT TOP OF SLOT 




JOINT 



^CONDUCTOR AT BOTTOM OF SLOT 

Fig. 49. — Method of connecting armature conductors. 

moving under cover of a north pole-piece, the other is moving 
under cover of a south one, so that the two e-m.f.'s act in 
the same direction around the loop formed by the two conductors, 
as indicated by the arrows in Fig. 49. Such a loop forms a 
complete turn of the winding. For convenience in making the 
end connections between the conductors, one of each pair of 
conductors forming a loop or turn of the winding is placed at the 
top of a slot, and the other at the bottom, as shown in Fig. 49, 
the conductors in the slots being arranged in two layers, and 
the bent portions projecting outside the core lying in two 
different cylindrical surfaces. 

By connecting the conductors at one end of the core in the 
above manner, we form a number of independent turns of the 
winding, and we have now to connect the turns to each other at 
the other end of the core. According to the way in which this is 
done, we arrive at one or other of the two types of winding 
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almost exclusiyely used at the present time, and known as the 
lap and the wat-e types of winding. In each case, the armature 
conductors are so connected as to form a closed coil or circuit 
(" re-entrant winding "). 



TOP CONDUCTORS 



§ 68. Lap Winding. 

For the sake of simplicity, we shall suppose each slot to 
contain only two conductors, arranged one above the other. Let 
the slots be numbered consecutively, and let us suppose that we 
start with the 
top conductor in 
slot 1 (Fig. 50), 
and connect this 
to a bottom con- 
ductor in a slot 
distant from slot 
1 by an amount 
corresponding 
approximately to 
the pole - pitch. 
We thus, as 
already explained, form a single turn of the winding. Let the 
remaining end of the bottom conductor be bent back, as shown 
in Fig. 50, so as to meet the end of the top conductor in slot 2, 
which is bent forward, and let the conductors be joined as on the 
other side of the core. Now the top conductor in slot 2 forms 
the beginning of the next loop or turn, which is formed in exactly 
the same way. Proceeding in this manner, we obtain a succes- 
sion of oi;eWa/>pin5r loops* or turns — hence the name lap winding 
— and finally close our winding. 




BCfTTOM CONDUCTOR 

Fio. 60.— Lap winding. 



§ 69. Balance of E.M.F.'8 in Lap Winding. 

Such a closed-coil or re-entrant winding must always fulfil 
the condition that the total resultant e.m.f. around the winding 
vanishes ; otherwise, there would be local currents circulating in 
the armature winding even when there was no connection to an 
external circuit. As will be seen presently, this condition of a 
local balance of e.m.f.*s in the closed circuit of the armature is 
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Fio. 51. — Showing direction of e.m.f. in condactors. 



fulfilled by our lap winding. Let in Fig. 51, N, S, N represent 
three consecutive field poles, and let A, B, C be points on the 
armature surface half-way between the pole-pieces. Let the 
direction of rotation be right-handed, as shown by the arrow 
in the figure. Then in any conductor under cover of a north 
pole the induced e.m.f. will act in a direction away from the 

observer (as shown 
by the circles with 
crosses in Fig. 51), 
and in any con- 
ductor under cover 
of a south pole it 
will act towards the 
observer (as shown 
by circle with dot) .* 
It is therefore 
evident that, looking down at the loops on the armature surf£u;e 
from the side of the poles, the e.m.f. around any loop whose top 
conductor lies between A and B (such as the loop D E) acts in a 
clockwise direction, while the e.m.f. in any loop whose top con- 
ductor lies between B and G (such as the loop E F) acts in a 
counter-clockwise direction. We thus see that the loops whose 
upper conductors lie (at a given instant) within an arc A G cor- 
responding to twice the pole-pitch — and hence embrcwing a pair 
of neighbouring poles with their interpolar spaces — fall into two 

equal groups, one correspond- 
ing to a north, the other to a 
south pole-piece, in which the 
e.m.f.'s are equul but oppo- 
Fig. 62.— Balance of e.m.f.'s in winding, sitch/ directed, and hence 

balance each other, Diagram- 
matically, this result might be represented as in Fig. 52, where 
A B represents that portion of the winding the upper halves of 
whose loops lie between A and B in Fig. 51, and B C the portion 
the upper halves of whose loops lie between B and G in Fig. 51. 
In the portion A B, the e.m.f. acts from A to B ; in the portion 
B G, it acts from G to B. Since the rise of potential as we 
proceed from A to B is equal to the fall of potential as we pass 

* The dot represents the point of an arrow approaching the obtierver, the cross 
the feathered end of an arrow receding from the observer. 
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from B to C, it is evident that the points A and C will be at 
the same potential, or will be equipotential. 

A lap winding such as the one described is therefore seen to 
fall into as many equal groups of conductors as there are poles 
in the machine, the e.m.f.'s being equal as regards magnitude in 
all the groups, but alternating in sign from group to group. The 
distribution of the e.m.f.'s in a six-pole armature with a lap 
winding might be diagrammatically represented as in Fig. 53, 
where A, B, C, D, E, F are points in the winding at which the 
e.m.f. changes its sign, and 
therefore correspond to con- 
ductors lying half-way between 
the pole-pieces. The points A, 
G and E are equipotential, and 
so are B, D and F ; and the p.d. 
between any point in the first 
group and any point in the 
second is equal to the e.m.f. 
induced in any one of the six 
equal portions of the winding. 

As the armature rotates, the 
points A, B, C, D, E, F change 
their positions relatively to the 
conductors, running round the 
winding in a direction opposite to, and with a speed equal to, 
that of the armature. It is to be noted, however, that the points 
A, B, C . . . are stationary in space. 

The oppositely directed e.m.f.'s in the various portions of the 
winding balancing each other in pairs, it is clear that the resultant 
e.m.f. anmnd the winding vanishes. 




Fio. 53. 



-Distribution of e.in.f.*8 
windiDg. 



§ 70. Pitch of Winding. 

In the case of a lap winding, there is no restriction on the 
number of conductors (except that this must necessarily always 
be ecen), as the winding can always be made symmetrical. It is 
convenient, in a tabular representation of the winding, to express 
the distance between any two conductors in terms of the number 
of conductors by which the one conductor is distant from the 
other. This number is' known as the pitch of the winding. 
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An example will make this clear. Consider a 4-pole armature 
having 162 conductors arranged in two layers. Let the con- 
ductors be numbered consecutively, as in Fig. 54, the upper layer 
being denoted by odd and the lower one by even numbers. The 

162 
number of conductors per pole-pitch is — j- = 40J. Let us start 

4 

with conductor 1, and connect this to a conductor which is about 
a pole-pitch distant from it. The conductors 1 + 40 = 41 and 
1 + 41 = 42 are those most nearly fulfilling the required condi- 
tion. The first of these — 41 — could not, however, be used, as it 
is a top conductor ; and, since 1 is also a top conductor, it must be 

connected to a bottom (or even) one. 
[[ajTlsJ^ r The second conductor — 42 — might be 
Fl RB / / used; but it is preferable, in order to 
shorten the projecting ends of the con> 
in ei mr .u ^ « v ductors, to uso a distance which, if 

FlQ. 64. — Method of number- ^- . . _ . ^_ _ .' 

ing conductors. anythmg, IS less than the pole-pitch. 

We shall therefore connect conductor 1 
to conductor 40 (= 1 -f 89). The number 89 by which we 
proceed from conductor 1 to conductor 40 is the forward pitch 
of the winding. We next have to connect conductor 40 at the 
other end to the beginning of the next loop, which is repre- 
sented by conductor 8. We thus take a backward step of 
40 — 8 = 87, and 87 represents the backward pitch. The difference 
between the forward and backward pitches is 89 — 87 = 2. It will 
be noticed that both pitches are represented by odd numbers — a 
condition which must necessarily always be fulfilled, since any 
conductor in the top layer is always in connection with a con- 
ductor in the bottom layer. The connections of the conductors 
may now be represented in tabular form as follows* : — 

13 5 123 125 127 159 161 1 

\ /\ /\ /• -X / \ / \/ \ •• \ / \ / 

40 42 44 160 162 2 4 36 38 

One characteristic of the lap winding is the fact that it has two 
pitches, a forward pitch and a smaller backward pitch. In pro- 
ceeding along the winding, we are alternately stepping forward 
and backward. 

• The top line of the table refers to top conductors ; the bottom line, to botto/ft 
conductors. 
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§ 71. Wave Winding. 

A wave winding possesses only a single pitch — we keep stepping 
forward all the time, and all the steps are made equal in order to 
render the winding symmetrical. The pitch is nearly equal to 
the pole-pitch. Fig. 55 shows the method of connecting the con- 
ductors, and it will be noticed that the winding proceeds in a 
zig-zag or wavy line around the armature circumference — hence 
the term wave winding. In order that the winding may be per- 
fectly symmetrical, we must choose its pitch (which must, as in 
the lap winding, be necessarily an odd number) so that on com- 
pleting each round or journey around the armature circumference 
we find ourselves 

either one con- /^ 

ductor in advance 
of, or one con- 
ductor behind, that 
from which we 
started; so that the 
difference between 
the conductors 
representing the 
starting-points of 
two consecutive 
rounds must amount to 2 (this being the difference between 
two neighbouring conductors in the same layer). If, there- 
fore, we suppose the pitch to be y, and the total number of 
conductors to be Z, then, 2 P standing for the number of poles, 
a round will be completed in 2 P — 1 steps,* and the beginning 
of the next round reached in 2 P steps. Let us start from con- 
ductor 1. After 2 P steps, we reach the conductor 1 + 2 P y. 
Since this represents the beginning of the second round, it must 
represent either conductor Z — 1, or else conductor Z + 3 — i.e., 
conductor 3. We must therefore have either 
l + 2Py = Z-l, 
or, 1 + 2 P y = Z + 3, 
i.e., combining the two conditions. 




TOP CONOUCTOa 



-I T" 

Fig. 66. — Wave winding. 



2P 



(1). 



The first or starting conductor not being counted as a " step." 
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Now since y must necessarily be an integer, we see that the 
number of conductors Z cannot be chosen arbitrarily in the case 
of a wave winding. The number of conductors must be such 
that if we either add or subtract 2, the result is divisible by the 
number of poles. There is no such restriction in the case of a 
lap winding. 

Taking the case already considered in connection with a lap 
winding, viz., a 4-pole armature having 162 conductors, we see 
that the condition represented by equation (1) is fulfilled, and 
that y = 40 or y = 41. But only the second value is admis- 
sible, y being odd. The winding therefore proceeds as follows : — 



1 83 3 85 



41 123 161 81 1 

\ / \ / \/- -N / \ / \ / 

162 82 2 120 40 122 



§ 72. Balance of E.M.F.'s in Wave Winding. 

Let us now consider the distribution of the e.m.f.'s in a wave 
winding. Referring to Fig. 56, let us suppose that at a certain 
instant conductor 1 is in the position A. As we step round the 

armature circumference, follow- 




B 




83;c 



ing the zig-zag path of the wave 
winding, we find that we get 
addition of the e.m.f.'s during 
each journey round the arma- 
ture until the conductor 41 is 
reached, which occupies the 
position B. Between A and B, 
or conductor 1 and conductor 41, 
we have half the total number 
of conductors. The remaining 
half is that lying between the 
conductors which are at B and 
C, i.e., between conductors 41 
and 83 — or, practically, between 
41 and 1 (since 88 is, through 
conductor 42, connected to 1). It is easy to see that in this 
second half of the winding the e.m.f. has a direction opposed to 
that in the first half of the winding. For the magnetic polarity 




123 

• - •- ' 


FlO. 56. — Showing direction of e.in.f.'8 
in different parts of winding. 
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between B and G is of opposite kind to that between A and B, 
and the same holds for all 
the remaining correspond- 
ing regions of the arma- 
ture. We thus arrive at 
the result that in a wave 
winding the armature con- 
ductors may at any instant 
be divided into two equal 
groups containing oppo- 
sitely directed and equal 
e.m.f.'s. These e.m.f.'s will 
balance each other with 
respect to the closed circuit 
formed by the armature 
winding, and there will be 
no local current around the 
winding. The distribution 
of the e.m.f.'s is diagrammatically indicated in Fig. 57, where, 
as before, the closed armature winding is represented by a simple 
circle. 




Fig. 57. — Balance of e.m.f.*B in wave 
winding. 



§ 73. Comparison of Lap and Wave Windings. 

Since in a wave winding each group of conductors consists of 
half the total number, the ejn.f. j^er group is equal to the e.m.f. 
induced in ^ Z conductors, and is thus independent of the 
number of poles ; whereas in a lap winding the e.m.f. per 

group is that induced in ^r^ conductors. 

In some points, the wave winding resembles the lap winding. 
Thus, a reference to Figs. 56 and 57 shows that the points A 
and C are practically equipotential, and also B and D. In 
general, any two conductors in the same layer which are distant 
from each other by twice the pole-pitch are equipotential, 
whereas between two conductors in the same layer which are 
distant from each other by a pole-pitch (such as conductors 1 
and 41 in Figs. 56 and 57) there periodically occurs the 
maximum p.d. The maximum p.d, also occurs periodically 
between two conductors of different layers in the same slot (such as 
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conductors 1 and 2 in Fig. 57), whether the winding be of the 
lap or wave type. The necessity of very thorough insulation 
between the two layers will now be understood.* 




Fig. 51. — Showing direction of e.m.f. in conductors. 



§ 74. Commutator and Brushes. 

We have seen how, by using either the lap or the wave method 
of connecting the conductors, a closed winding is obtained in 
which there are balancing groups of conductors with oppositely 
directed e.m.f.^s. How may these e.m.f.'s be utilised in an 
external circuit ? Considering first the case of a lap winding, 
and referring to Figs. 51 and 52, we see that a continuous 

current in an ex- 
ternal circuit could 
be obtained if the 
circuit were always 
maintained in con- 
nection with the 
pair of points in 
the winding cor- 
responding to A 
and B, which are 
separated from each other by a pole-pitch. But since the armature 
conductors are constantly changing tlieir positions as the armature 
rotates, it is obvious that the contacts for the external circuit 
must be fixed in space, in the positions A and B of Fig. 51, and 
arranged to slip over the surfaces of the conductors as these 
pass under them. In order to prevent the conductors themselves 
from being worn away by the friction of the contact-pieces in 
connection with the external circuit, it is usual to provide a 
special structure which takes the wear. This structure is known 
as a commutator ^ because it effects the periodic changes in the 
connections between the rotating conductors and the external 
circuit which are necessary in order to obtain a uni-directional 
or continuous current from the alternating e.m.f.'s induced in 
the conductors (§ 66). In the simplest case, corresponding to 
each joint between two conductors at one end of the armature, 
there is provided a bar of copper which is left bare or uninsulated 
along its outer surface, and which, during its rotation, in certain 

* See § 89 for a further comparison of Up and wave windings. 
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positions establishes contact between the external circuit and the 
corresponding point in the winding. Fig. 58 illustrates the 
arrangement. The ends of the conductors are soldered and 
riveted to a thin connecting-strip of copper, whose other end is 
soldered into a narrow radial slit in the contact bar or commutator 
segment These segments consist of tapering bars of hard-drawn 
copper insulated from each other with mica and mounted on a 



TOP CONDUCTORS 



CONNECTOR 

MICA iHSUtATlON 




COMMUTATOR SCGKCNTS^ 
^-BOTTOM CONDUCTOR 
Fig. 58. — Connection of winding to commutator. 

suitable support, from which they are also, of course, insulated.* 
The commutator may be regarded as forming a dummy arma- 
ture, each joint between two conductors being represented by a 
commutator segment. The fixed contacts (corresponding to A, 
B, C, &c., in Figs. 51 and 56) which are in connection with the 
external circuit and which press against the bare surfaces of the 
commutator segments are technically termed brushes, \ In 
modern machines, these rubbing contacts consist of blocks of 
carbon, forming carbon brushes. 

§ 76. Path of Current tlirough Lap Winding. 

By connecting the external circuit to two such " brushes " or 
groups of brushes, and applying these to the commutator seg- 
ments which at any instant represent the points A and B of the 
winding in Figs. 53 and 57, it is evident that a current will be 
obtained in the external circuit. This current will start from 

• Details of the mechanical construction of commutators are given in Chapter IX. 
§108. 

t A modern carbon "brush" bears no resemblance whatever to the homely 
article of the same name ; but the old types of brushes, constructed of fine copper 
wire, justified the adoption of the term, as they certainly resembled brushes. 

C.O.B. ^ 



98 



CONTINUOUS CURRENT ENGINEERING. 



the point or brush B in Fig. 58, flow round the external circuit, 
and reach the brush A. When, the current reaches the point A 
in the winding, there are two paths open to it : one being — in 
the special case of a 6-pole machine shown in Fig. 58 — through 
the one-sixth A B of the winding, and the other through the 
remaining five-sixths A F E D G B. But it is evident that this 
would lead to an extremely unsymmetrical flow of current through 
the armature, as the smaller section of the winding would take five 
times as much current as the other, and this asymmetry would 
lead to various difficulties of a serious nature. A symmetrical 

flow of current may, however, be 
easily arranged for by providing 
as many brushes (or sets of 
brushes) as there are pole-pieces. 
Thus, in Fig. 58, brushes would 
be placed around the commu- 
tator in the positions corre- 
sponding to A, B, C, D, E and F. 
The brushes A, C and E — which 
(§ 69) are in connection with 
equipotential points in the wind- 
ing — would then be connected 
together and to one terminal 
of the external circuit; while 
brushes B, D and F would also 
be connected together and to the remaining terminal of the 
external circuit. It is evident that the current coming from 
the external circuit will divide among the three negative brushes 
(i.e., those towards which the current flows from the external 
circuit), each brush receiving J of the total current. 8ince 
each current which leaves a brush divides into two equal 
parts as it enters the winding, each section of the winding 
will carry ^ of the total current, and the distribution of the 
current will be symmetrical, there being six parallel paths 
of equal resistance open to the current through the winding. 
The flow of current will take place as indicated by the arrows in 
Fig. 58. It will be noticed that the e.m.f. is that corresponding 
to one of the six parallel groups of conductors. 

Considering the general case of a 2P-pole lap-wound armature, 
we see thc^t such m, armature requires 2P brushes (or brush sets), 




Fig. 



63. — Distribution of e.m.f/8 in 
winding. 
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P of which are connected together to form the positive, and the 
remaining P to form the negative brushes. . The current carried 

by an armature conductor is ^^th of the total current, and 

the e.m.f . is that corresponding to ^r^ of the total number of 
conductors. 

§ 76. Path of Current through Wave Winding. 

In the case of a wave winding, there are only two groups of 
conductors with oppositely-directed e.m.f.'s in them (instead of 
2P groups as in a lap winding), 
as shown diagrammatically in 
Fig. 67. Hence a current 
coming from an external circuit 
can only be made to divide into 
two equal parts, half of it passing 
around each half of the winding 
as shown by the arrows in 
Fig. 57. Brushes must evi- 
dently be placed at the points 
corresponding to A and B, or C 
and D in Fig. 56, and — provided 
the contact area is sufficient to 
prevent excessive heating — two 
brushes (or brush sets) will be 
sufficient. These brushes may 
be placed in positions corresponding, in Fig. 56, to the points A and 
B, or B and C, or C and D, or D and A* (the points A and C, and 
B and D being, as a glance at Fig. 57 will show, equipotential, 
so that C may be used instead of A, and D instead of B). It is, 
however, also permissible to place brushes at all the points A, B, C 
and D in Fig. 56, and to connect the brushes at A and C to form 
the negative, and those at C and D to form the positive group. This 
only increases the number of paths by which the current enters 
the commutator (and hence reduces the current density at the 




Fio. 56. — Showing direction of e.m.f /s 
in different parts of winding. 



* Between any two conductors in the same layer separated by a pole-pitch, only 
- conductors are incladed in the case of a lap winding 
half the total number of conductors are always included. 



3- conductors are included in the case of a lap winding ; but in a wave winding 
2* 



h2 
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contacts), but leaves the number of paths (2) through the winding 
unaltered (the points A and C being, as shown in Fig. 57, only 
separated by the conductor 42, and thus representing, for all 
practical purposes, the same point in the winding). 

In a 2P-pole wave-wound armature, either a single pair of 
brushes (or brush sets), or 2P brushes may be used ; in the 
latter case, the positive brushes consist of P alternate brushes, 
the remaining P alternate brushes forming the negative group. 
The current carried by each conductor is always half the total 
current, and the e.m.f. is that corresponding to half the total 
number of conductors. 

§ 77. Calculation of Armature E.M.F. 

The e.m.f . of an armature is easily calculated from the magnetic 
flux per pole N, the total number Z of external conductors, and 
the number n of revolutions per second. If there are 2P poles, 
then during one revolution each conductor cuts 2PN lines 
(C. G. S.). During one second it cuts 2PNn lines, so that the 
average value, in volts, of the e.m.f. induced in each conductor is 

y 

2PNnlO~®. Now in a lap-wound armature, there are ^r^ con- 

ductors in series between the brushes ; whereas in a wave- wound 
armature, there are JZ conductors in series. We thus have, if 
E stand for the e.m.f., in volts, 

E = NnZ.lO"® in a lap- wound armature, 
and E = PN/iZ.lO"® in a wave-wound armature. 

§ 78. Gramme Winding. 

The lap and wave windings described consist of conductors 
distributed around the external surface of the armature, and are 
known as drum windings. Formerly, a winding known as a 
Gramme or ring winding was a good deal in vogue. This may be 
derived in a simple manner from a lap winding, by supposing 
each loop of the latter to be turned through 90°, so that its plane 
becomes radial instead of being tangential. We may suppose 
the rotation to be effected about the top conductor of the loop as 
axis, the bottom conductor thereby coming inside the armature 
core, as shown in Fig. 59. One result of the change is to render 
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the half-loop which is threaded through the interior of the core 
inactive as regards the generation of e.m.f., since the space inside 
the core is practically devoid of magnetic lines. The internal 
conductors are, in fact, so much "dead" copper: they add to 
the resistance of the armature without contributing anything 
towards its e.m.f. In order that the e.m.f. may be the same as 
that obtained with a lap winding, we must have the same 
number of external or active conductors in each case ; and since, 
in the ring winding, there is a dead conductor to every active 
one, the winding will have twice the resistance of an equivalent 
lap winding. There is, however, a compensating advantage 
possessed by the ring winding which, in certain exceptional cases, 
may render its 

adoption advis- /-* active conduct oks 

able. It will be / /| / 

noticed that by / / t A^ ^fA /Connector 

removing the V / ^^^/ /cowkwtator segment 

bottom conduc- A; "/ " A^ n \ 

tor of each loop 
to the interior 
of the core, we V^active conductor 

have removed it Fig. 59.— Gramme winding. 

from the imme- 
diate neighbourhood of a top conductor which is periodically at 
a potential — equal to the full armature e.m.f. — above and below 
the potential of the bottom conductor of the loop (§ 78). The 
removal of the bottom conductors from the immediate neigh- 
bourhood of the top ones thus results in a greatly lessened risk 
of breakdown, since the insulation between any two neighbouring 
conductors in a ring winding is never exposed to a stress exceed- 
ing that which corresponds to the maximum e.m.f. generated by 
a coil. A Gramme or ring winding may therefore be advantageous 
in connection with machines designed for very high e.mfs. 



§ 79. Bar and Coil Windings. 

In considering armature windings, we have assumed that each 
coil consists of a single turn or loop, formed by connecting two 
suitably bent copper conductors, each of which constitutes a 
half-loop. Such a winding is known as a bar winding. Instead 



102 



OONTIKUOUS CURRENT ENGINEERING. 



TO FIT TOP or SLOT 



TO riT BOTTOW OF SLOT 



of using half-loops, entire loops, without any joint in the middle, 
might be used, the copper being suitably bent at the middle of 
the loop. As stout bars of copper are by no means easy to 
handle on account of their stiffness, a number of round copper 
wires connected in parallel may be used; this, however, 
is not to be generally recommended, as the valuable winding- 
space in the slots is thereby very imperfectly utilised. 

Instead of having 
only a single turn per 
coil, several turns may 
be used if the required 
e.m.i cannot be easily 
obtained by means of a 
single turn per coil with- 
out an excessive sub- 
division of the commu- 
tator. Such cases very 
frequently arise in the 
smaller sizes of 
machines. The coils 
are wound to the re- 
quired shape on special 
frames or ' ' formers, * ' 
one side of the coil 
being arranged to fit 
into the bottom of a 
slot, and the other 
former- wound " coil is shown in 




-COIL ENO& 

Fig. 60. — Former-wound armature coil 



into 
Fig. 



the 
60. 



top. Such a 



Examples. 

1. Find the e.m.f. developed by a 16-pole lap-wound armature 
wound with 2,660 conductors and running at 90 revolutions per 
minute, if the magnetic flux per pole amounts to 12'5 x 10^. 

2. A four pole wave-wound armature having 226 conductors 
develops an e.m.f. of 260 volts when running at 750 revolutions 
per minute. Find the flux per pole. 

8. An eight- pole lap-wound armature having 800 conductors 
develops an e.m.f. of 500 volts at a speed of 250 revolutions per 
minute. The field cores are 15 inches in diameter, and the 
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leakage coefficient is 1*2. Find the magnetic induction in the 
field cores. 

4. A six-pole armature is to be provided with a simple wave 
winding. Find all the possible numbers of conductors lying 
between 500 and 560, each coil of the winding being supposed 
to consist of a single turn. 



CHAPTER Vn. 

§ 80. Periodic short-circuiting of coils by brush — § 81. Consideration of ideal case — 
§ 82. Rectilinear law of current change in ideal case — § 88. Causes of sparking 
— § 84. Prevention of sparking. Use of brushes giving large contact drop — 
§ 85. Calculation of reactance voltage— § 86. Reversing e.m.f. obtained by 
forward brush lead — § 87. Armature reaction — § 88. Commutating or i^eversing 
poles — § 89. Comparison of lap and wave windings. Equalising connections 
— § 90. Method of balancing lap-wound armature — Ezamplesi 

§ 80. Periodic Short-circuiting of Coils by Brush. 

By the action of the commutator and brushes, the alternating 
e.m.f.'s induced in the individual armature conductors are made 
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Fig. 61. — Short-circuit of a coil by a brush. 

to produce a uni -directional p.d. across the external circuit, as 
explained in the preceding chapter. During the rotation of the 
armature, each brush periodically bridges across at least two 
commutator segments, and frequently more than two, depending 
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on the width of the brush. While the brush is across any two 
segments, the coil between them has its local circuit closed through 
the brush — ^i.e., it is short-circuited by the brush. In Fig. 61 (a) 
the armature winding is diagrammatically represented by a straight 
line; the motion of the commutator is supposed to take place 
from left to right, as shown by the arrow. A B is a coil which is 
just on the point of undergoing a short-circuit by the brush. The 
brush is receiving current from the left and right hand sections 
of the armature winding, the current from the left-hand section 
flowing from left to right, and that from the right-hand section 
flowing from right to left, as indicated by the arrows. Imme- 
diately before the beginning of the short-circuit, the current in the 
coil A B is from left to right ; immediately after the end of the 
short circuit, it is from right to left, as shown in Fig. 61 (b), 
where the coil A B is represented as having been just open- 
circuited. It is evident, therefore, that during the period of short- 
circuit the current in a coil undergoes a complete reversal. This 
reversal is spoken of as commutation. 



§ 81. Consideration of Ideal Case. 

The circuit of the short-circuited coil has a total resistance con- 
sisting of the resistance of the coil itself, that of the two connectors 
between the ends of the coil and the commutator segments, the 
resistance of the segments, that of the two contacts between 
the brush and the segments, and the resistance of the brush 
itself.- By far the greater part of the resistance is concentrated 
at the brush contacts. In order to make the various occurrences 
taking place during commutation as clear as possible, we shall in 
the first place consider an ideal case, assuming the resistances of 
the coil, connectors, &c., to be negligible in comparison with the 
resistances of the brush contacts, and supposing that during the 
period of short-circuit the coil does not contain any induced e.m.f's. 
The above suppositions are equivalent to the assumption that 
during the short-circuit the commutator segments to which the 
coil is connected remain at the same potential. 

It is evident that the number of paths open to the current, 
from the winding to a brush, corresponds, at any instant, to the 
number of commutator segments which the brush happens to 
cover at that instant. Thus, in Fig. 62 the brush is shown 
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resting on three segments, and there are three paths by which 
the current may pass from the winding to the brush. Now, in 
accordance with our assumptions, the three segments covered by 
the brush are practically at the same potential ; the resistances 
of the three paths between the segments and the brush consist 
of the corresponding brush contact resistances, and since the 
resistance of a contact is inversely as its area, the current through 
each contact will be directly as its area. Thus our assumptions 
lead to the result that during the entire period of commutation 
the current density (i.e., the current per unit of area) over the 
brush contact area reniaiiu uniform. 
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§ 82. Rectilinear Law of Current change in Ideal 

Case. 

Consider now, on the above assumptions, the changes which 
take place in the current in a coil during the period of short- 
circuit. Immediately before the commencement of the short- 
circuit, the current in the coil A B (Fig. 61 (a)) is the entire 
current reaching the brush from the left-hand section of the 

winding. As soon, how- 
ever, as the brush touches 
segment G, a new path, 
A C E in Fig. 62, is opened 
to the current. Remem- 
bering that imder the con- 
ditions assumed the current- 
density remains uniform 
over the entire brush con- 
tact area, it follows that 
the current flowing into the brush through the portion of the 
brush contact area lying to the left of the point £ (which 
separates the segments C and D) is directly proportional to the 
area lying to the left of E. Now, since this area increases at a 
constant rate during the rotation of the commutator, the current 
entering the brush to the left of E will also increase at a constant 
rate. Since, however, any increase of current along the path or 
paths to the left of E must be accompanied by an equal decrease 
of current in the coil A B, we see that immediately on the com- 
mencement of the short-circuit the current in the short-circuited 



Fig. 62. — Brush covering three segments. 
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coil begins to decrease at a constant rate. When the point E 
reaches the middle of the brush, the entire current flowing from 
the left-hand section of the winding passes into the armature 
entirely by the paths lying to the left of E. At this instant — 
the middle of the short-circuit period — the current in A B has 
reached a zero value. But since the current entering the brush 
to the left of E will go on increasing at a constant rate as before, 
and since the increase of current must now be supplied through 
A B, the current in A B changes sign, and increases at a uniform 
rate until the end of the short-circuit. The change of current 
in the coil A B may therefore be represented by a sloping straight 
line as shown in Fig. 68. 

The above conditions, ^ecQutmic or SHOtcr-DKcurr 

involving a rectilinear tiNv 

law of current change fej >^ 

during the period of fj >^ 

short-circuit, are the ' ▼••«•-♦ S. ! 
ideal to be aimed at, >w i 
and for two reasons. In >s. • 
the first place, smce the ^ ^ sHccr-cmcuT^' 

current flowmg from a Fig. 63.-Ideal commutation. 

receding segment to the 

brush becomes vanishingly small at the instant when the brush 
is about to quit the segment, there can be no sparking. Secondly, 
the uniform distribution of current over the brush contact area 
results in a smaller heating loss due to contact resistance than 
that corresponding to any non-uniform distribution.* 

§ 83. Causes of Sparking. 

In practice the above ideal conditions are, unfortunately, 
difficult to realise. This is due mainly to the existence of an 
e.m.f. in the short-circuited coil which arises on account of the 
changing current. The current flowing through any coil gives 

* In order to show that any want of uniformity increases the heating loss at the 
brush contact, we may consider the case of a brush oyer one-half of whose contact 
area there is a current i + ^i and over whose other half the current is t — «. If 
r = resistance of each half -area of contact, the total loss is r [ (t -f e)* -f (i - «)■] 
:=2r({>-f ^') ; but with a uniformly distributed current of the same total value 
the loss would have been 2ri>, which is less than that corresponding to a non- 
uniform distribution. 
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rise to a magnetic flux linked with it, and as soon as the current 
begins to change, the magnetic flux due to it also changes, and 
induces an e.m.f. in the coil which opposes the change (§ 5)^ 
This e.m.f. is spoken of as the e.m/. of self-inductance (or self- 
induction) or the reactance voltage. Its primary effect is to retard 
the changes which would otherwise take place in the current, and 
the results of such retardation are non-uniformity of current dis- 
tribution (with consequent increase of heating loss) and increased 
rate of current change during the last stages of commutation, 
which is liable to lead to sparking. 

When the e.m.f. of self -inductance is small, the evil effects just 
mentioned may not be serious. But with a large e.m.f., the 
current curve may be so much distorted that instead of the 

straight line shown in 
^BicirwNc Of sHORrciRcuiT Ylg. 68 WO havo a 

curve of the shape 
shown in Fig. 64 The 
current changes very 
slowly at first, and the 
smujciNG ANQ current density over 
the forward part of 
two OF iDEKL sMoirr-ciiicurF^"* the brush greatly in- 

Fia. 64.— Imperfect commutation. creases. Causing in- 

tense local heating 
and, in extreme cases, surface fusion of the receding segment. 
During the final stages of commutation, the resistance of the 
contact area between the tip of the brush and the receding 
segment is rapidly increasing (owing to the rapid reduction 
of area), hence the current must change at a very rapid rate, 
as shown by the steepness of the curve in Fig. 64. The accom- 
panying rapid rate of change of flux induces a very high 
e.m.f. in the coil, suflBciently high to cause a spark to jump 
across from the brush to the segment as the latter leaves 
the brush. The current follows the spark for a short time in 
the form of an arc, causing further fusion of the already 
intensely heated metal, and prolonging the short-circuit beyond 
the instant at which the segment has left the brush (this is 
indicated by the dotted part of the curve in Fig. 64). The fusion 
of the segments results in an irregular surface which causes 
mechanical vibration and further aggravates the evil. Under 
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Buch conditions, the life of the commutator will be very short, 
and the cost of maintenance very high. Hence the problem of 
sparkless commutation has always formed one of the leading 
problems in dynamo design. 

§ 84. Prevention of Sparking. Use of Brushes 
giving large Contact Drop. 

In order to prevent the occurrence of the ti^oubles just men- 
tioned, various methods may be employed. Since the primary 
cause of sparking is the self- inductance or reactance e.m.f. in the 
short-circuited coil, this e.m.f. should be reduced to the lowest 
practicable amount. This may be done by sub-dividing the 
armature winding as much as possible,* the limit being reached 
when each coil consists of a single turn. It is not always, how- 
ever, possible to carry the subdivision so far, especially in the 
case of armatures of small diameter, where the number of com- 
mutator segments is limited by the minimum permissible thick- 
ness of a segment (if the thickness is reduced below a certain 
limit, the commutator becomes too weak mechanically). The 
highest permissible values of the reactance e.m.f., and the method 
of calculating this e.m.f., are dealt with in § 85. 

If the drop of potential over the brush contact is large in com- 
parison with the reactance e.m.f., the latter will have relatively 
little effect in disturbing the ideal current distribution, since the 
percentage difference between the p.d.s existing between the 
segments and the brush will not be abnormally high, and the 
current distribution will depart but little from the rectilinear law 
(§ 82) corresponding to the ideal case. For this reason, a large 
drop of potential over the brush contacts is beneficial in suppress- 
ing sparking, and it is for this reason that carbon brushes have, 
except in special cases, entirely superseded brushes made of 
copper gauze, which were so extensively used at one time. 

* The reactance e.m.f. is, for a given current, proportional to the square of the 
number of turns in the coil. For if we compare the total linkage of roagaetic 
flax with a coil containing S turns with the total linkage of flux in a coil consisting 
of a single turn, both coils being supposed to convey the same current, then since 
the flux linked with each turn of the coil of S turns is S times that linked with 
the coil of a single turn, and since the former coil contains S turns, the total 
linkage of flux is S> times as great as in the latter coil. The reactance e.m.f. being 

change of flux 
proportional to p^nod of short-circuit ^ ^^^ therefore also be S« times as great. 
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The resistance of a brush contact is found not to obey Ohm's 
law, i.e., the ratio \ is found to vary with the current, 

decreasing as the current increases. As a result, the drop of poten- 
tial over the contact increases less rapidly than in proportion to 
the current. This effect is much more marked with carbon than 
with copper brushes. In order to prevent excessive heating at 
the brush contacts, the current density must not be allowed to 
exceed a certain limit, depending on the material of the brushes. 
In the case of copper gauze brushes, the normal limit is about 
160 amperes per square inch of contact area, and at this current 
density the potential drop per brush contact amounts to about 
•085 volt (or a combined drop of '07 volt for positive and negative 
brushes). The permissible current density in the case of carbon 
brushes depends largely on the particular brand of carbon used, 
being greater for the softer and less for the harder grades of carbon. 
It varies from about 60 amperes per square inch with very soft 
carbons to about 25 amperes per square inch with very hard carbons. 
The highest potential drop over the brush contact occurs with 
the hardest grades of carbons, and may reach as high a value as 
1'6 volts per contact (corresponding to a total drop of 8 volts). 
In most cases, however, the drop per contact lies between 1 and 
IJ volts (total drop of 2 to 2*5 volts). For current densities 
exceeding about 20 amperes per square inch, the drop in the case of 
carbon brushes increases so very slowly that it may be regarded 
as approximately independent of the current. The contact drop 
is almost independent of the peripheral speed of the commutator, 
but varies with the mechanical pressure, decreasing rapidly at 
first, then more and more slowly as the pressure is increased. It 
also depends on the direction of the current across the contact, 
the drop in most cas^s (but not always) being greater at the 
positive brush, where the current flows from metal to carbon. 

From the data given above the great superiority of the carbon 
over the copper gauze brush in maintaining sparkless running is 
amply evident. But this superiority is obtained at the expense 
of efficiency, since a large contact drop involves a considerable 
expenditure of power at the contacts. The use of carbon brushes 
also involves larger and more expensive commutators than would 
be required with copper gauze brushes, which allow of a much 
higher current density at the contacts. 
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Since sparking resultB from a non-uniform current distribution 
over the brush contact area, any device which tends to maintain 
a uniform current density over the contact area will also tend to 
suppress sparking. Now if the current density is not uniform, 
the current on entering the brush will flow sideways or across 
the brush untQ, higher up the brush, a sensibly uniform distribu- 
tion is reached. Hence, if the cross-flow be prevented the current 
will tend to distribute itself more uniformly over the brush con- 
tact. In a type of carbon brush recently introduced by the 
Morgan Crucible Co., Ltd., and known as the morganite brush, 
the resistivity of the brush in a transverse direction is much 
higher than in a longitudinal one. This brush is also remark- 
able on account of the very high current densities (up to 
100 amperes per square inch) which may be used with it. 
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§ 85. Calculation of Reactance Voltage. 

The mean e.m.f . induced in a short-circuited coil by the reversal 
. ^, i . . i_ ^t ... change of flux linked with coil 

ofthecarrentiBgiveDbytbequotient duration of short-circuit ' 

divided by 10® in order to reduce the C. G. S. units of e.m.f. 
to volts. It is evident that, 
the flux being approxi- 
mately proportional to the 
current, the self-inductance 
e.m.f., or reactance voltage, 
is proportional to the cur- 
rent to be reversed. It is 
therefore convenient to 
determine, in the first 
place, the change of flux 
due to the reversal of one 
ampere of current. This may be done by the following method, 
which is due to Hobart.* 

Each coil may be regarded as consisting of an '' embedded *' 
portion or length, which corresponds to the portions of the 
conductors embedded in the core slots, and a "free" length, 
represented by their projecting ends (Fig. 65). Hobart finds 
that a flux of 4 C. G. S. lines may be assumed per ampere 

* /aumal of the JnitUutian of Electriml Engineers^ YoUzxxi., pp. 185-207 (1901). 




Fig. 65. — To explain meaning of "embedded" 
and " free " lengths. 
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per cm. of embedded length, and a flux of '8 C. G. S. line per 
ampere per cm. of free length. Now if we consider the top 
conductor of a loop which is short-circuited, then the bottom 
conductor lying in the same slot belongs to a loop which is 
simultaneously short-circuited by a neighbouring brush. Similarly, 
corresponding to the bottom conductor of a short-circuited loop, 
there is a top conductor in the same slot belonging to a loop 
short-circuited by a neighbouring brush. Thus the fluxes due 
to the embedded portions of the short-circuited loops change 
simultaneously, and the effect is the same as if there were 
8 C. G. S. lines (=2X4) per ampere per cm. of embedded 
length. Let us consider, in the first place, the simple case in 
which only one loop is short-circuited at a time. If Z« denote 
the embedded length of the loop, and // its free length, and if 
i = current (amperes) in loop, the change of flux when the current 
changes from + 1 to — i is given (in accordance with the above 
explanations) by — 

2i (8Z. + «,) = 16 {I, + 'llf) i. 

If each coil consists of S turns instead of a single one, the 
corresponding change of flux will be S^ times as great. For with 
a given current through the coil, increasing the turns S-fold will 
increase the magnetic flux through each turn S-fold ; and since 
the total flux is the sum of the fluxes through all the turns, the 
total flux will be increased S X S or S^-fold. Thus the change 
of flux taking place during reversal when each coil consists of 
S turns and when only one coil at a time is short-circuited by 
each brush is given by — 

16(Z. + -lZ,)S«t, 

where, it must be remembered, Z, and l^ denote respectively the 
embedded and the free portion of a single turn or loop of the 
coil. 

If, as is generally the case, there are several coils simul- 
taneously short-circuited by a brush, then since these coils 
overlap more or less perfectly, the change of flux in each coil 
will be increased in proportion to the number of coils simul- 
taneously short-circuited by each brush. If s denote this number, 
then the change of flux during reversal is 

16 {l, + 'llf) S*«t. 
In order to find the mean value of the reactance voltage 
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induced in the coil during the period of short-circuit, we have to 
divide the above change of flux by the duration of the short-circuit, 
and by 10^ (in order to reduce C. G. 8. units to volts). Hence, 
T denoting the time of the short-circuit, we have 



mean value of reactance voltage = — t"v iq8 * 



(1). 






T is easily found as follows from the widths Wj, and w^ of brush 
and segment respectively, the radius 
r of the commutator, and the revo- 
lutions per second n. A glance at 
Fig. 66, where the positions of the 
two segments 1, 2 are indicated by 
full lines at the commencement of 
the short-circuit, and by dotted 
lines at the end of the short-circuit, ^^^' 6^— To illustrate duration 
shows that during the short-circuit ''' short^ircuit. 

tVi, ~^ w 
the coil moves through an angular distance (in radians) -*' 

which is a fraction -^ ^ of the circumference. Now since 

the time of a revolution is — , that of the short-circuit is 

n 

According to Hobart, the mean value of the reactance voltage as 
given by fm-mula (1) should not exceed 2 volts. For very low-speed 
machines, however (80 to 120 revolutions per minute), it may be 
as high as 2*5 volts, t 

• T generally lies between '001 and -003 second. 

f Numerous formulae have been proposed from time to time by different 

investigators as criteria regarding the performance of a machine from the sparking 

point of yiew. One of the most recent is due to Professor S. P. Thompson [Howard 

Lecture*, Jtmrnal of the Society of Arts, vol. liv., p. 1020 (1906)]. The higher the 

108 
value of i= > ^ ^ ^ t the better the commutation. In this formula. Z = net 
•^ I, q. V, z, ^ ' 

length, in inches, of iron in armature core, measured in a direction parallel to the 

shaft ; q = ampere-conductors per inch length of armature circumference ; v = 

peripheral speed of commutator, in feet per minute ; z = ratio of number of 

armature conductors to number of commutator segments. The value of j should 

never fall below unity. It varies from 1*26 to about 6 in good machines. 

C.C.E. I 
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§ 86. Reversing E.M.P. obtained by Forward 
Brush Lead. 

In addition to the method involving the use of brushes giving 
a high contact resistance, and a design of winding giving a low 
reactance voltage, another method is available for suppressing 
sparking. Since the trouble is caused entirely by the presence 
of the reactance voltage in the short-circuited coil, it is obvious 
that a remedy may be found in the introduction into the short- 
circuited coil of an e.m.f. equal in amount, but opposite in 
direction, to the reactance voltage. By means of such an e.m.f., 
known as a reversing e.m.f., the resultant e.m.f. in the coil may 
be reduced to zero, and the machine will run sparUessly. 




Fia. 67.— Effect of brash lead. 



Two methods are in use for obtaining a reversing e.m.f., viz., 
the method of bi^sh lead and that of reversing poles. . The first 
of these — which, in the early days of dynamos, was the sole 
method in use for suppressing sparking — consists in displacing 
the brushes in the direction of rotation, or giving them a, forward 
lead. The result of such a forward displacement is that the 
short-circuit, instead of being allowed to take place when the two 
sides of a loop or coil are half-way between the pole-pieces, as in 
the position 1, 1 in Fig. 67, is delayed until the sides of the loop 
have entered magnetic fields of opposite polarity to those across 
which they had previously been moving, so that they occupy the 
position 2, 2 in Fig. 67. The loop is now cutting lines by its 
motion across the field during the time of the short-circuit, and 
the corresponding e.m.f. induced will clearly tend to reverse the 
original current, since the polarity of the field is now reversed. 
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A reversing e.m.f. will thus be obtained, and if equal in amount 
to the reactance e.m.f., will neutralise this latter. 

Since the field intensity gradually increases as we approach 
the edge of a pole-shoe, it follows that the value of the reversing 
e.m.f. may be adjusted by varying the amount of the brush 
"lead." Further, since the reactance e.m.f. will increase with 
the current to be reversed, the lead must be increased with 
increase of load in order that the reversing e.m.f . may keep pace 
with the increasing reactance e.m.f. Hence in the days when 
brushes of copper gauze were used, which have a very low contact 
resistance, and when the presence of a suitable reversing e.m.f. 
was absolutely essential in order to secure sparkless running, 
the brush lead had to be varied to suit each particular load. The 
necessity of frequent adjustments of the brush lead was a serious 
inconvenience. Since the advent of the carbon brush, this 
necessity has ceased to exist. Provision is, however, made for 
altering the position of the brushes, which are given a forward 
lead so as to aid the effect due to the high contact resistance by 
a partial neutralisation of the reactance e.m.f. by the reversing 
e.m.f. The position of the brushes is adjusted once for all by 
trial so as to give the most favourable results as regards sparkless 
running over the entire range of load, and the machine is run 
with the brushes fixed in this position at all loads. It is clear 
that with such a fixed brush position there is only one particular 
value of the load current for which exact neutralisation of the 
reactance voltage is obtained; but the high brush contact 
resistance is sufficient to efifect practically sparkless commutation 
in spite of the imperfect neutralisation of the reactance by the 
reversing e.m.f. 



§ 87. Armature Reaction. 

Closely connected with the brush lead method of obtaining a 
reversing e.m.f. is the question of armature reaction ; by this is ' 
meant the modification of the main field brought about by the 
armature current. 

Distributed over the surface of the armature core are groups 
or belts of conductors — the width of each belt being equal to the 
pole-pitch — conveying currents whose direction alternates from 
group to group. If the brushes have no lead, the change of 

i2 
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current occurs exactly half-way between two pole-pieces, and the 
armature current gives rise — as shown by the dotted letters in 
Fig. 68— to a series of polar surfaces along the armature circum- 
ference which are spaced exactly midway between the polar surfaces 
produced by the field-magnet. The directions of the currents 
in the consecutive groups of armature conductors are, in Fig. 68, 
shown in the usual manner by circles with dots and crosses. It 
will be seen that the armature current in this case does not give 
rise to any de-magnetising effect. The superposition of the two 
fields due to the field-magnet and the armature current gives a 
resultant field which is distorted (i.e., the magnetic flux issuing 




riCLO WtAKCNtO^ 

Fig. 68. — Distortion of field by armature current. 

from or entering a pole-shoe is not uniformly distributed over 
the pole-shoe surface), the distortion consisting of a weakening 
of the field under the left-hand half of the pole-shoe {h in Fig. 68), 
and a strengthening of it under the right-hand half Qi' in Fig. 68). 
The armature current is said to give rise to a cross-field^ or to 
produce a cross-magnetising effect.* That there is no de-magnet- 
ising effect in this case will be evident from the fact that if we 
take any line of induction due to the field-magnet, such as the 
chain-dotted line in Fig. 68, then linked with it are two equal 
groups of armature conductors conveying currents in opposite 
directions, so that the resultant m.m.f. around this curve due to 
the armature current is zero. 
By giving the brushes a lead, the points at which the current 

* The use of the terms ^* cross-field " and " cross-magnetising effect " dates back 
to the early days in which two-pole machines were exclusively used. In a two-pole 
machine, the line joining the middle points of the polar surfaces produced by the 
armature current is clearly at right angles to the line joining the middle points of 
the pole-pieces. 
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changes its direction are shifted forward in the direction of 
rotation, and with them also the polar surfaces due to the 
armature current, as shown in Fig. 69. The ppsition of these 
polar surfaces relatively to the main poles is no longer sym- 
metrical, and a glance at Fig. 69 shows that there is now a 
direct de-viagnetising effect. This will also be seen by con- 
sidering the m.m.f. around the chain- dotted line ; in the belt of 
conductors linked with this line there is a preponderance 
(represented by the conductors lying to the left of the dotted N, 
which represents the middle of the polar surface due to the 
armature current, and also the point at which a change occurs 




Fio. 69. — De-magnetiBing effect dae to brush lead. 



in the direction of the current) of those conveying current in a 
direction towards the observer, and tending to set up a flux 
around the chain-dotted curve in a counter-clockwise direction, 
which is opposed to that of the main flux. 

Thus when the brushes have a forward lead the magnetic 
effect due to the armature current is a two-fold one : a weakening 
of tbe field as a whole (due to brush lead), and a distortion of the 
main field, consisting in a local weakening of the field under the 
polar horn in whose neighbourhood commutation takes place 
(h in Fig. 69), and a corresponding strengthening of the field 
imder the other horn (fc' in Fig. 69). The amount of this 
weakening or strengthening may be approximately estimated as 
follows. The general course of the flux due to the conductors 
lying under cover of a pole-piece is that indicated by the dotted 
line marked "armature cross-flux" in Fig. 69. Since in the 
pole-shoe and also in the armature core the value of H would 
not in general be large, we may neglect the magnetic potential 
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drops along those two portions of the path, and assume that the 
enture m.m.f. due to the conductors linked with the dotted curve 
is used up in maintaining the flux across the (double) gap and 
teeth. If the value of B and the B-H curve for the teeth be 
known, we can find the equivalent air length of the teeth by 
dividing twice the depth of tooth by /x. If, therefore, g stand 
for the single gap length, and d for the depth of a single tooth, 
the approximate equivalent air length of the magnetic circuit 

represented by the dotted curve \b2 Ig + —\ So that if H. = 

field intensity due to armature current alone at the extreme 
edges of the polar horns, and if Z' = number of conductors 
under cover of pole-shoe, and i = current, in amperes, in each 
conductor — 

2 (^ + ^) H„ = 1-257 Z't, by § 8, 



or 



H. = 



1-257 Z'i 



M» + ;) 



^. 

On subtracting H^ from the undisturbed field intensity, we 
obtain the resultant or weakened field close to the edge of the 
polar horn h in Fig. 69, and on adding T3^ to the undisturbed 
field intensity, we obtain the strengthened field close to the edge 
of the horn h\ The weakening on one side and strengthening 
on the other steadily decrease towards the middle of the pole- 
piece, at which point the original field remains undisturbed. 

Now since commutation takes place close to the polar horn 
whose field is weakened, and since the weakening increases with 
increase of current, we see that armature reaction brings about 
a set of conditions highly unfavourable to good commutation; 
for the latter requires an increasing reversing field with increase 
of current. Hence in the days of copper gauze brushes the lead 
had to be varied considerably with changes of load in order to 
make up for the weakening of the field in the commutating zone 
due to armature reaction. With carbon brushes, however, as 
already explained, the reversing e.m.f. is only of secondary 
importance, and it is found possible to run with fixed position of 
the brushes at all loads. 
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^REVERSJNQ POLE 
""MSN POLE 

Fio. 70. — Commutating or reversing poles. 



§ 88. Commutating or Reversing Poles. 

The second method of injecting into the short-circuited coil a 
reversing e.m.f., although known for a long time, has only 
recently assumed practical importance. In this method, the 
brushes have no lead, but a reversing e.m.f. is induced in each 
short - circuited 
coil by the field 
produced by an 
auxiliary pole. 
One such revers- 
ing or coinmutor 
ting pole (some- 
times also 
termed inter- 

pole) is placed between each pair of main poles. The arrange- 
ment is shown in Fig. 70. The auxiliary pole carries a winding 
traversed either by the entire armature current or by a con- 
venient fraction of it. Thus the field due to the reversing 
pole increases nearly in proportion to the current — which is the 
precise condition required for sparkless running. The polarity 
of each reversing pole is, of course, the same as that of the next 
main pole in the direction of rotation, so as to make the e.m.f. 
induced in the short-circuited coil by the rotation a reversing 
one. In order to reduce the amount of copper on the auxiliary 
poles, the length of these in a direction parallel to the shaft is 
generally much less than that of the main poles, the auxiUary 
pole cross-section being either circular or approximating to a 
square. Not only does this result in a saving of copper, but it 
has the further advantage of not blocking up the entire space 
between the main poles (which would interfere seriously with the 
ventilation of the machine). Some makers place the core of the 
reversing pole entirely outside the yoke ring, and only allow 
the extended pole-shoe to project into the interpolar space, as 
shown in Fig. 71, which illustrates the type of reversing pole 
used by the Morris-Hawkins Electrical Co., Ltd. The toe of the 
pole- shoe is supported by a stout copper strip, which is screwed 
to the main pole-shoes. 

The introduction of reversing poles has greatly extended the 
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limits of sparkless commutation, and has rendered possible the 
construction of high-speed steam turbine-driven machines which 
could not have been made to run sparklessly by any other 
method. In machines of ordinary construction, the limit of 
output is frequently fixed by considerations of sparking ; but in 
machines fitted with reversing poles, the limit of output is fixed 
by the safe temperature rise. This latter limit may be extended 
very considerably by providing numerous ventilating apertures. 
Hence although the extra cost of the reversing poles may be 
considerable, yet by reason of the increased output the cost of 

KtVCRSNIQ POLE COILV ^^^^^^^^ 

CEVCR«N6 FOl£>^ \omn. 5TIUP 

riCLD COIL 
REVERSING POLC 

Fig. 71. — Morris-Hawkins inter-pole. 

a machine with commutating poles may, for a given output, in 
many cases be not greater, and in some considerably less, than 
that of a machine of ordinary construction. Generally speaking, 
the ordinary design is cheaper in cases where the time of short- 
circuit is comparatively long (low-speed machines), and more 
expensive in cases where it is short (high-speed machines).* 



f 89. Comparison of Lap and Wave Windings. 
Equalising Connections. 

The reactance voltage increasing, in accordance with formula 
(1) of § 85, in proportion to the current to be reversed, it follows 
that with machines of ordinary construction, not provided with 
reversing poles, there is a definite limit to the current in each 
armature path. This limit may be taken at about 100 amperes 

• According to Hobart [Electri/)al Review of New York, vol. xlviii., p. 104 (1 906)], 
in the case of 250-volt dynamos, the ordinary type of constraction is cheaper for all 
outputs so long as the speed does not exceed 100 revolutions per minute ; at 
200 revolutions per minute, the commutating pole design is desirable for ontputfl 
exceeding 600 kilowatts; at 1,000 revolutions f)er minute, it is desirable beyond 
250 kilowatts, 
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(or 200 amperes per brush set).* Now, since in the case of a 
simple wave winding there are only two paths open to the 
current through the armature, it follows that this winding 
becomes impracticable when the current output of the machine 
exceeds about 200 amperes (unless reversing poles be resorted to). 
For larger currents, the lap winding must be used. 

The wave winding has the important advantage over the lap 
. winding of perfect symmetry of the paths through the armature. 
For since each path includes conductors under cover of ail the 
pole-pieces (§ 71), the e.m.f.'s induced in the two paths must 
necessarily be equal, even if the flux varies from pole to pole 
(on account of an eccentric position of the armature relatively to 
the field, or other irregularities). Such, however, is by no means 
the case with a lap winding (§ 69). For the conductors forming 
the different paths are under cover of different pole-pieces, and if 
there is magnetic asymmetry (i.e., if the flux from different poles 
is not the same), the e.m.f.'s in the various paths may differ, 
causing local armature currents on open circuit and unequal 
division of the current (likely to result in sparking at the over- 
loaded brushes) among the d^erent paths when the armature is 
loaded. In machines with lap windings, therefore, it is important 
to have the armature very carefully centred, and all the poles as 
nearly alike as possible. Even when every precaution has been 
taken, however, it is difficult to secure perfect symmetry and 
obtain electrical balance of the various paths — especially in large 
machines, where the paths are numerous and of very low 
resistance. Hence in such machines it is usual to provide a 
number of equalising connections in order to prevent any set of 
brushes from becoming overloaded and hence sparking. These 
connections consist of stout copper strips connecting points in 
the winding which normally are equipotential. They are 
frequently arranged in the form of copper rings carried on 
insulating supports attached to the arms of the armature spider 
on the side away from the commutator, each ring being in 
connection with a number of (normally) equipotential armature 
conductors. In Fig. 72 is shown diagrammatically an equaliser 
1, 2, 8, connecting three equipotential points of a 6-pole lap 
winding (these points would be distant by twice the pole-pitch) ; 

* In the case of very large slow-speed machines, this limit may be exceeded ; the 
permissible limit being determined by the reactance voltage. 
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Bi, Bt and Bs denotiDg the positive brushes. The coils a, b, c are 
just about to undergo a short-circuit. Now in these coils there 
will be no appreciable e.m.f., and they may be regarded as 
forming three equal parallel resistances between the equaliser 
and the brushes. If the equaliser is of suflSciently low resistance, 
the points 1, 2 and 8 which it connects will not differ appreciably 
in potential. Hence even if the currents in the coils d, e and / 
be unequal, those in a, 6 and c will be practically equalised, and 
each brush set will receive appreciably the same current. It 
must, however, be clearly understood that such equalisers do not 
reduce the increased heating loss (but rather increase it) due to 
unequal division of the current : the currents are only equalised 
in the last few coils at each end of a path — ^those which are 
practically out of the magnetic field. In the active coils, the 
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Fio. 72. — Connections of equaliser ring. 

current would still be unequally distributed, and the equalisers 
quite inoperative. The equalisers only come into play, and 
equalisation of current gradually takes place, in those coils only 
which are either approaching or receding from a brush. The 
only function performed by equalisers is the prevention of sparking 
which would occur with unequally loaded brushes. 

It may be mentioned, however, that in the case of lap windings, 
even when not provided with equalising rings, any serious 
unbalancing of the armature is to some extent automatically 
checked by increased armature reaction under the more heavily 
loaded poles. 

The troubles arising from the difficulty of obtaining perfect 
electrical balance of the different paths through a lap-wound 
armature render it advisable to use the wave winding wherever 
possible. Since the introduction of reversing poles, the restrictions 
formerly imposed on this latter type of windhig by considerations 
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regarding sparking have been practically removed, and the 
winding is now being used for currents (up to 1,000 amperes) 
greatly in excess of those formerly thought practicable. 



§ 90. Method of Balancing Lap-wound Armature. 

In order to adjust the position of a lap-wound armature in its 
field so as to secure a sufficiently accurate balance of its various 
circuits, the cables connecting the different sets of brushes of 
like polarity are removed, as are also the equalising connections, 
and by means of a voltmeter readings across the consecutive 
pairs of neighbouring brushes are taken when the machine is 
running on open circuit. Any want of balance will be indicated 
by differences in the consecutive voltmeter readings. By displacing 
the armature relatively to the field in such a direction as to 
reduce the air-gaps on the side corresponding to the lower 
readings, the voltmeter readings may be equalised to a greater 
or less extent. This procedure is repeated until the greatest 
difference between any two readings does not exceed the desired 
amount (say 1 per cent.). Instead of stepping round the arma- 
ture with a voltmeter which is connected to consecutive pairs of 
neighbouring brushes, a differential method of testing may be 
used, in which a low-reading voltmeter is connected in succession 
across alternate brushes, which are of the same polarity. In a 
perfectly balanced armature, a zero reading would be obtained 
for each position; in any actual case, the voltmeter reads the 
out-of-balance voltage between the different groups of armature 
conductors. 

Examples. 

1. During the short-circuit of a certain armature coil, the 
flux linked with it changes by a total amount equal to 180,000 
C. G. 8. lines. If the time of the short-circuit is '001 second, 
what is the reactance voltage of the coil ? 

2. The armature of a certain dynamo is running at 800 revo- 
lutions per minute; the commutator consists of 128 segments, and 
the thickness of each brush is such that the brush spans 2 
segments. Find the time during which a coil remains short- 
circuited. 
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8. A commutator consisting of 450 segments has a diameter 
of 600 mm., and rims at a speed of 400 revolutions per minute. 
If the thickness of each brush is 12 mm., what is the time of 
short-circuit of a coil? 

4. In a six-pole lap-wound generator, the total contact area 
per brush set is 6 square inches, and the current-density over the 
contact area is 35 amperes per square inch. If the total voltage 
drop over the two brush contacts in series is 2 volts, what is the 
power lost at the brush contacts ? 

5. A twelve-pole lap wound armature having 1,826 conductors 
gives a current of 1,200 amperes. The equivalent single air-gap 
length is '85 inch, and the pole-arc is 70 per cent, of the 
pole-pitch. If the average gap induction is 7,000, what is the 
induction close to the commutating edge of a pole ? 

6. A ten-pole armature (lap-wound) has 1,440 conductors and 
delivers a current of 1,000 amperes. The brushes have a forward 
lead such that a coil is short-circuited when it has advanced 15 
per cent, of the pole-pitch beyond the neutral position (i.e., the 
position half-way between two pole-pieces). Find the de-mag- 
netising ampere-turns per magnetic circuit. 



CHAPTER VIII. 

§ 91. Dynamo used as motor — § 98. Calculation of torque — § 98. Effect of changes 
in brusli p.d. and field flux on speed of motor — § 94. Arrangement of field 
winding. Characteristics — § 96. Series- wound generator — § 96. Series- wound 
motor — § 97. Shunt-wound generator — § 98. Shunt-wound motor — § 99. Com- 
pound- wo md generator — § 100. Com pound- wound motor — § 101. Motor- 
starting switches — § 102. Methods of speed control — Examples. 

i 91. Dynamo used as Motor. 

A DTNAMo is a reversible machine ; when driven mechanically, 
it is capable of supplying electric power ; when supplied with 
electric power, it is capable of running as a motor, converting a 
large proportion of the electric power supplied to it into 
mechanical power. 

The possibility of using a dynamo as a motor immediately 
follows from the principle explained in § 2, according to which 
any conductor conveying a current when placed with its length 
at right angles to a magnetic field experiences a force which is 
perpendicular to its own length and to the direction of the field. 
In modem machines, with toothed-core armatures, the pull is 
mainly exerted on the teeth ; but the total tangential pull is, for 
a given flux per pole and given armature current, the same as 
that which would be obtained if the core had a smooth surface 
and the conductors were placed on the surface instead of being 
embedded in slots. 

If a current be sent through the armature from some external 
source, the field being excited, the direction of the current is the 
same in all the conductors which are under cover of a pole-piece, 
and in aU the groups of conductors under cover of pole-pieces of 
like polarity. In passing from a group under cover of a north 
pole to one under cover of a south pole, the current changes its 
sign : hence the pulls contributed by the different conductors are 
all in the same direction. A reversal of the current through the 
armature, or a reversal of the field polarity, will reverse the 
torque and hence the direction of rotation ; but a simultaneous 
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reversal of armature and field currents will leave the direction of 
torque and rotation unaltered. 



§ 92. Calculation of Torque. 

The torque exerted by the armature of a motor is easily 
calculated from the flux per pole and the armature current. By 
Lenz's law (§ 5), the e.m.f. induced in the conductors of a motor 
is opposed to the current. Hence the e.m.f. of a motor is 
frequently spoken of as its counier-e.vi.f. or hack-e.m.f. Let E 
stand for this e.m.f., and let V = brush p.d., r^ = armature resist- 
ance, and ia = total armature current. Then we have 

ta = ^^^^^=^,orV = E + r.t, . . . .(1). 

Now the total power supplied to the armature is Via, or, 
using (1), 

The expression for the power is thus seen to consist of two 
terms. The second term, r^ij^, represents the power lost by 
heating of the armature coils. The first term gives the 
remainder of the power, which undergoes transformation into 
mechanical power. Thus 

mechanical power = Ei« .... (2). 

We can, however, easily obtain an expression for the 
mechanical power in terms of the torque and speed. Let T stand 
for the torque in lb. feet, and n for the revolutions per second. 
Then the mechanical power is equal to 2irTn foot lbs. per 
second. Expressing it in h.p., we have, since 1 h.p. equals 
550 foot lbs. per second, 

2irW 

mechanical power = ^^t^T h.p. 
550 

„ = ^-a^T watts. 

„ = 8-52 nT watts. 
Equating this expression to the one given by (2), we find 

^=^=-""!'- ■ • ■ ■ »>• 
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But from the expression for the e.m.f, given in § 77, we find 

E NZP* 

— = , — T?^f Mid on substituting this in (3) we find 

n bX ICr 

T = -1174^-^^. Ni« lb. feet (4). 

Since in the above expression Z, F and b are constants for a 
given machine, we see that the torque is proportional to the 
product of flux per pole into armature current — a result which is 
also obvious from a consideration of the fact that the pull acting 
on any individual conductor is proportional to the current and 
the field. It must be carefully noted that the torque given by (4) 
is the total torque, including that required to overcome the 
resistances due to mechanical friction, hysteresis and eddy- 
currents. 

i 98. Effect of Changes in Brush P.D. and Field 
Flux on Speed of Motor. 

We shall next consider the eiffect on the speed of the motor due 
to changes of brush p.d. and field flux. 

In the expression for the brush p.d. given by (1), the first term,. 
E, which represents the motor e.m.f., is under normal conditions 
of operation by far the more important, the resistance drop r^ia 
being always a small fraction (some 2 per cent, at full load in 
fairly large motors) of V. Hence V may be regarded as approxi- 
mately equal to E. Now for a given field flux, or flux per pole, 
E is proportional to n. Hence the speed n of a motor will vary 
nearly in proportion to the brush p.d, if the flux per pole is 
maintained constant. 

Suppose next that the brush p.d. — and hence, also, approxi- 
mately, E — remains constant, and that the flux is varied. The 
constancy of E involves the constancy of the product Nn. Thus 
with a constant brush p.d., the speed of the motor will vary 
neskilj inversely as the flux per pole. 

i 94. Arrangement of Field Winding. 
Characteristics. 

There are various ways of arranging the field windings of 
dynamos, and the behaviour of a machine depends very largely 

* Where 2h = number of parallel paths through armature. 
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on the mode of connecting up the field coils. The three possible 

modes of connection are shown diagrammatically in Fig. 73, and 

are known as the series (a), the shunt (6), and the compound (c) 

field winding. In the series winding, the field coils carry the 

same current as the armature ; in the shunt winding, the field 

coil has a very high resistance in comparison with that of the 

armature, and under full-load conditions 

/^''""\^^QPQPP-. carries a current which is only a small 

^^s^y' wpcsnao COIL fraction of the armature current. In the 

ARMATURE ^^j compound winding, both kinds of coils 

are used : a series coil traversed by the 

main current supplied to or coming from 

the external circuit, and a shunt coil 

connected across the brushes (or across 

(h) the terminals, as shown by the dotted 

OTflOQ^ooh ^^® ^ ^^' ^^^ which takes only a small 

*• fraction of the full-load current. The 

oJ/'^^/TOn^^ shunt and series coils of dynamos are 

^Ss...^' ^ closely analogous to the voltmeter and 

^ ., , , ammetercircuits respectively of measuring 

Fig. 7.'^.— Methods of con- .. j. I.^^ it j. x. - i.-u 

necting field coils. instruments, the first having a very high 

resistance and the second a very low one. 

In studying the effects due to the different field windings, we 

assume that the machine, if run as a generator, is driven at a 

constant speed ; and that if run as a motor, it is supplied at a 

constant p.d. In the case of a generator, the most important 

relation is that connecting the terminal p.d. with the load current 

(or current in external circuit). A curve showing this relation 

is known as a characteristic. In the case of a motor, the most 

important relation is that connecting speed and torque ; and the 

corresponding curve is known as a mechanical characteristic. 



§ 95. Series-wound Generator. 

In the case of a series-wound generator, the exciting current is 
the same as the load current, so that the e.m.f., and hence also 
the p.d., will increase (up to a certain limit) with increasing load, 
and the characteristic will be a curve rising from a point A near 
the origin, as shown in Fig. 74. The p.d. increases rapidly and 
almost in proportion to the current during the early stages 
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(represented by A G), while the field cores are well below satura- 
tion, and the reluctance of the iron part of the magnetic circuit is 
negligible. But as the permeability of the iron decreases, the p.d. 
begins to increase less rapidly, the curve becomes flatter, and 
ultimately begins to bend down as shown in the figure. The down- 
ward bend is caused partly by armature reaction (§ 87), partly by 
armature resistance drop. The e.m f . A obtained on open 
circuit is due to the residual field (without which the machine 
could not start). 

If we take any point P on the characteristic, and join it to the 
origin, then the ex- 



ternal 



given by 



resistance 
p.d. 



IS 



BP 



current 

/\ 
^^ = tan BOP. Now 

this ratio remains 
nearly constant along 
the initial rising por- 
tion of the charac- 
teristic, so that any 
small accidental 
change in the exter- 
nal resistance will 
cause very large 
changes in the p.d. and current, 
istic therefore represents 




CUIiRENT- 

Fio. 74. — Characteristic of series-wound dynamo. 



The part A C of the character- 
unstable conditions of working. 
Stability can only be obtained by working in the region which 
lies beyond C. 

Series- wound generators are very little used ; their only appli- 
cations are in series systems of arc lighting, and in a peculiar 
system of high-voltage constant-current power transmission 
known as the Thury system. 

It may be noted that if the external circuit of a series-wound 
generator contains a counter-e.m.f., and if this counter-e.m.f. 
becomes accidentally strong enough to overpower the generator 
e.m.f., reversing the current, then the polarity of the generator 
field, and hence also its e.m.f., will be reversed, resulting in a 
heavy short-circuit. For this reason, a series-wound dynamo 
would be totally unsuitable for charging accumulators. 

C.O.B. K 
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In cases where series-wound generators are used, they are 
arranged to regulate for approximately constant current. This 
regulation is effected partly by designing the machine so that it 
has a strong armature reaction, partly by means of a special 
regulator which shunts more or less of the current through the 
field, thereby keeping the main current nearly constant. 



{96. Series- wound Motor. 

A series-wound motor is essentially a variable speed motor, 
the speed decreasing with increase of torque, as shown by the 
mechanical characteristic of Fig. 75. The reason for this 
behaviour of a series motor is not far to seek. The torque of a 

motor is, as we have seen 



t 



(§ 92), proportional to the 
product Ni^. Hence an 
increase of torque in- 
volves an increase of 
this product. Now since 
N increases with increase 
of ia, an increased torque 
involves an increase in 

^^^ N. Again, the e.m.f. of 

TORws Q^^ motor remaining 

Fig. 76.— Mechanical characteristic of seriea approximately constant 

™^ ^'' (since the p.d. of supply 

is assumed to be constant), it follows that Nn must also remain 
nearly constant (§ 77). Thus an increase of torque, which 
involves an increase of N, is accompanied by a decrease of w. 
Further, so long as the torque is small, and the current 
correspondingly small, the iron is well below saturation, and N 
changes rapidly with the current and torque ; the speed accord- 
ingly changes rapidly with the torque. But as saturation is 
approached, the change in N due to a given change in the 
current and torque is relatively much less, with a correspondingly 
smaller change in n ; thus for large values of the torque ^e 
speed changes much less rapidly with the torque than for small 
values. This accounts for the steady decrease in the steepness 
of the mechanical characteristic of Fig. 76. 
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A series motor exactly fulfils the conditions required in the 
case of tramcar motors : it exerts the largest torque at the lowest 
speeds, and the speed automatically changes with change of load. 
Hence almost every traction motor is a series-wound motor. 
Series motors are also used in cases where motors are required 
to run under constant loads — as in the case of fan motors, and 
where a variable speed is suitable — as in crane motors. 

If the load on a series motor be reduced below a certain limit, 
the motor will run up to a dangerous speed ; if entirely unloaded, 
the armature will race until it flies to pieces. This source of 
danger is indicated by the extreme steepness of the mechanical 
characteristic (Fig. 75) at small loads. Hence motors with a 
series winding should never be used in cases where the motor is 
liable to be entirely unloaded. 



i 97. Shunt-wound Oenerator. 

A shunt-wound generator has a characteristic of the form 
shown in Fig. 76. The shunt circuit being always closed, the 
machine builds up a strong field, and develops a high e.m.f., on 
open circuit. If the external circuit be now closed, the armature 
current increases, causing 
an increased armature re- 
sistance drop and reducing 
the p.d. This results in a 
weakening of the exciting 
current, which by lowering 
the e.m.f. further reduces 
the p.d. A still further 
weakening of the field and 
drop of p.d. is brought about 
by armature reaction (§ 87). 
Since all these effects in- 
crease with increasing arma- 
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Fio. 76. — Characteristic of shunt-wound 
dynamo. 

ture current, there is a steady decrease in the p.d. with increasing 
load. This decrease is not, however, excessive within normal 
limits of working, so that a shunt-wound machine may be 
regarded as giving a roughly constant p.d. 

The shunt winding is more generally used than any other form 
of field winding for generator$^ and is the only suitable winding 

e2 
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FIELD 
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for machines intended to charge secondary batteries. In order 
to enable the p.d. to be adjusted to the desired value, it is usual 
to provide s, field rheostat, or regulating resistance connected in 
series with the field winding, as shown in Fig. 77. The normal 
direction of the current through the armature, shunt winding 
and external circuit is indicated by the full-line arrows in Fig. 77. 

If the machine is charging a 
secondary battery, and if by 
reason of a slight decrease of 
speed or through any other 
cause its e.m.f. momentarily 
drops below that of the battery, 
a reversal of current takes place 
in the main circuit, as shown 
by the dotted arrows in Fig. 77. 
It will, however, be noticed that 
while the armature current is 
reversed, no reversal takes place 
in the shunt winding, and the e.m.f . retains its original direction. 
The machine is simply momentarily converted into a motor, and 
as soon as its speed increases again, the e.m.f. rises, and 
charging is resumed. There is thus no serious disturbance or 
heavy short-circuit such as would occur with a series-wound 

generator. 

The bulk of the large 
generators in central sta- 
tions supplying current 
to lighting loads are pro- 
vided with a shunt wind- 
ing and field rheostat. 




Fia. 77. — Showing effect of carrent 
reversal through shunt dynamo. 



i 98. Shunt-wound 
Motor. 

The mechanical charac- 
teristic of a shunt-wound 
motor is shown in Fig. 78. 
Since the p.d. of supply 
is constant, the exciting current and N will also be practically 
eonstant. The armature e.m.f • is also nearly constant, decreasing 



Fio. 78.- 



TORaUE >• 

-Mechanical characteristic of shunt 
motor. 
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but slightly with increase of load.* Hence there will be only a 
slight decrease in the product Nn, or, N remaining nearly con- 
stant, a slight drop in the speed. A shunt-wound motor is 
therefore a motor whose speed remains nearly constant at 
all loads. 

Most stationary motors, such as those driving machine-tools 
and other machinery, are shunt- wound. 



i 99. Compound-wound Generator. 

A series-wound generator gives, as we have seen, a rising 
characteristic, while a shunt-wound generator gives a slightly 
drooping one. By com- 
bining the two windings, overcompounoed^ . 
i.e., by using both a shunt 
winding connected across 
the brushes and a series 
winding placed in the 
main circuit, as shown in 
Fig. 78 (c), we are able 
to obtain a generator 
whose characteristic is 
neither a rising nor a 
falling one, i.e., a gene- 



. . CURRENT ^ 

rator givmg a constant ™ « ,« r-i. * • *• « i ^ 

- ® TT^i 1 r^-i ^^^' ^^- — Characteristic of compound-wound 

p.d. at all loads. The dynamo, 

characteristic of such a 

compound- wound generator is shown in Fig. 79. Owing to the 
concavity in the magnetisation curve of iron, it is impossible to 
obtain an absolutely straight line for the characteristic, which is 
always slightly concave downwards. Frequently (as in traction 
generators) it is advisable to have a rising characteristic, such 
as the dotted one shown in Fig. 79. This may be obtained by 
increasing the turns in the series coil. The machine is then 
said to be over-compounded. 

The compound winding is used in connection with machines 
intended for incandescent Ughting, especially when carried out on 
a small scale (ship lighting), and in traction generators. 

* V = E + r^i^. Thus, V being constant, E must slightly decrease as i^ is 
increased. 
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i 100. Compound-wound Motor. 

Although there are two possible varieties of the compound 
winding for motors, only one of these, known as the cumulative 
compound winding, in which the magnetic effects of the series 
and shunt coils are additive, is of practical interest.* This 
winding is employed in cases where a decrease of speed is desired 
with increase of load, and where the danger connected with a 
plain series winding, the liability of the motor to race when 

unloaded (§ 96), must be 
avoided. The mechanical 
characteristic of a motor 
with a cumulative com- 
pound winding is shown 
in Pig. 80. The shunt 
winding may here be 
regarded as imposing a 
safe limit on the speed of 

the motor. Compound- 

T R du E ^ wound motors are used in 

Fia. 80.— Mechanical characteristic of cases where there are very 

compound.woand motor. ^^^^ ^^^^^^ overloads, 

as in rolling mills. If a shunt-wound motor were used in such 
cases, the sudden demand for power would have to be supplied 
entirely by the generator. But by allowing the motor speed to 
decrease with increase of load, and fitting the motor shaft with 
a heavy fly-wheel, the momentary demand for power will be 
largely supplied by the kinetic energy given out by the fly-wheel 
as its speed decreases, and the generator may be made of smaller 
size than would otherwise be necessary.} 

* The other form is known as the differential compound winding, and in it the 
series coil opposes the shunt coil. In a simple shunt- wound motor, the speed would 
drop slightly with increase of load ; the series winding, by weakening the field, 
causes a slight increase of speed (§ 93), thus compensating for the effect due to 
armature resistance drop. 

f In some instances, shujU-wovnd motors have been fitted with fly-wheels. The 
absurdity of this practice will at once become evident when it is considered that 
the kinetic energy of a fly-wheel during a momentary overload can only be utilised 
if the speed decreases with increase of load ; but this decrease of speed in the case 
of a shunt-wound motor is so slight that unless an abnormally heavy and costly 
fly-wheel be used the desired effect cannot be obtained. 
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§ 101. Motor-Starting Switches. 

The armature of a motor at rest not containing any coonter- 
e.m.f., it is evident that on account of the low armature resistance 
it would not be permissible to start the motor by simply closing 
a switch which connects the motor terminals directly to the 
supply mains. The enormous current so produced would simply 
blow the fuses, and would be equivalent to a short-circuit of the 
mains. Let us, for example, consider a 240-volt shunt-wound 
motor whose full-load armature current is 80 amperes, and whose 
armature resistance is '8 ohm. 
If the full p.d. of 240 volts were 
applied to the armature when 
at rest, the current would be 

— -= 800 amperes ! In order 

to prevent this enormous rush 
of current at starting, it be- 
comes necessary to reduce 
the p.d. across the armature 
by means of a suitable re- 
sistance connected in series 
with it, the resistance being 
gradually cut out as the 
armature speed and e.m.f. 
increase. Such a starting 
resistance with its multiple-contact switch is termed a motor 
BtaHer or starting switch. 

In the case of a series-wound motor, a simple starter of the 
form shown in Fig. 81 may be used. With the switch arm on 
the first contact, the whole of the starting resistance is included ; 
by gradually moving the contact-arm over the consecutive contact- 
studs as the motor gains speed, the resistance is cut out. 

When a series- wound motor is switched off, the magnetic flux 
through the field cores disappears more or less suddenly, and in 
so doing induces a momentary e.m.f . in the field winding. But 
since this winding consists of comparatively few turns, the total 
e.m.f. is never sufficiently high to endanger the insulation of 
the coils. 

With a shunt-wound motor, however, a sudden interruption of 
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Fio. 81. — Starting switch for series motor. 



136 



CONTINUOUS CUBRENT ENODTBERINO. 



the shunt circuit would give rise to very high e.m.f/8 in the field 
coils, as these consist of a large number of turns of comparatively 
fine wira The e.m.f. so induced might be sufficient to break 
down the insulation, and would in any case subject it to severe 
and unnecessary strains. For this reason, the shunt circuit is 
arranged so as to remain always closed through the armature 
circuit, whether the motor is at rest or running. In Fig. 82, 
which shows a typical form of motor-starter for a shunt-wound 




Fio. 82. — Starting switch for shant or compound motor. 

motor, the circuit A B G D E F, it will be noticed, always 
remains closed. When the current is switched off, the magnetic 
flux through the field begins to disappear, but since the armature 
is still running, it maintains the excitation, so that the flux dies 
away comparatively slowly. Even if the switch were placed on 
the first contact and then suddenly pulled back before the arma- 
ture had had time to start, no harm would be done ; for as soon 
as the flux begins to disappear the e.m.f. induced in the field 
winding gives rise to a current which tends to maintain the flux, 
and only allows it to disappear slowly instead of suddenly, as 
would be the case if the field circuit were broken. 

In Fig. 82 are shown two devices which are almost invariably 
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used in connection with motor starters, and which are known as 
the no-voltage and overload magnets. The switch arm is provided 
with a spiral spring which normally keeps it in the *' off" position. 
Attached to the arm is a rectangular piece of soft iron which 
forms the armature of the no-voltage magnet, and which is held 
against its poles when the switch arm has been brought into the 
full " on " position. So long as the no-voltage magnet is excited, 
the switch arm is held in this position. But if the current is 
switched off, or if there should occur a break in the shunt circuit, 
the no- voltage magnet loses its magnetism, and by the action of 
the spring the switch arm is thrown into the " off '* position. The 
overload magnet is provided with an armature pivoted at one end. 
So long as the armature current does not exceed a safe limit, the 
magnet is not strong enough to attrcust its armature. But when 
this limit is exceeded, the armature is attracted, short-circuiting 
the no-voltage magnet and throwing the switch arm into the 
''off'' position. The point of cut-off may generally be adjusted 
to any desired value by raising or lowering the armature, so 
as to decrease or increase its distance from the poles of the 
magnet. 

The form of motor starter just described may also be used 
in connection with a compound-wound motor, in which case 
the series winding comes between the points E and F in 
Fig. 82. 

If a motor is required to run both ways, a reversing switch is 
introduced into the armature circuit, so that by reversing the 
armature current the direction of rotation may be reversed. In 
order to prevent a heavy short-circuit in case an attempt is made 
to reverse the current through the armature before the starting 
switch has been brought bcusk to its "off" position, the starting 
and reversing switches should be interlocked, either mechanically 
or electrically, so as to render it impossible to throw over the 
reversing switch until the starting switch has been brought into 
the "off" position. The most satisfactory arrangement is to 
combine the starting and reversing portions into a single switch. 
Such a combined switch is shown diagrammatically in Fig. 88. 
The switch arm carries two triple contacts, shown by the dotted 
lines in the figure. The bottom contact is arranged to move 
over three contact segments, and the top contact to move over 
two contact segments and the row of contact studs in connection 
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Fig. 83.— Ck)mbined revei-sing and starting switch. 



with the starting resistance. Each contcust stud lying to the right 
of the vertical centre-line is connected to the corresponding stud 
lying to the left of the centre-Une. There is only one set of 
starting resistances (only the first section of the starting resist- 
ance is shown in 
Fig. 88). It will 
be seen, by tracing 
out the connections, 
that while the arma- 
ture current flows 
one way or the 
other, according to 
the direction in 
which the switch 
arm is moved from 
its "off" position, 
the direction of the 
field current re- 
mains unaltered. 
In the "off" posi- 
tion shown by the dotted lines in the figure, the field is short- 
circuited by the switch contacts, which bridge across the gaps 
between the two inner segments to which the field coil is connected. 

The switch 
arm is held in 
the full "on" 
position by the 
magnetic de- 
tent shown in 
Fig. 84; the 
notched sector 
being mounted 
on the spindle 
of the switch 

arm. If the switch is intended for speed regulation as well (§ 102) 
the sector has as many notches on it as there are contact studs, 
so that it may be left permanently on any contact stud. 

The resistances used in motor -starting switches may take 
various forms. For comparatively small currents, they consist 
of spirals of wire which are either contained in a cast-iron box 
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Fio. 84.— Magnetic detent 




for keeping 
* position. 



starting switch in 
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completely filled with sand (the sand giving the spirals the neces- 
sary mechanical support and preventing their getting out of 
shape and causing short-circuits) or are wound on metal tubes 
covered with asbestos or some other insulating material, or on 
grooved cylinders of porcelain. For larger currents, metal plates 
or grids are used, which may be immersed in an oil bath to 
faciUtate cooling. 



§ 102. Methods of Speed ControL 

A problem of great importance in connection with motors is 
that of speed control. The speed of a motor may be altered by 
altering either the brush p.d. or the field flux. Until quite 
recently only two methods of speed control were in general use. 
These may be described as the rheostatic and the field control 
method. In the first, the brush p.d. is altered by connecting a 
resistance in series with the armature. The great disadvantage 
of the method lies in its wastefulness. If, for example, we wish 
to reduce the armature speed to half its original value, the brush 
p.d. must be approximately halved, which means that about half 
the total power supplied to the armature circuit is wasted in the 
regulating resistance. The field control method is incomparably 
more economical. In this, the field is weakened or strengthened 
until the desired speed is reached. The difficulty connected with 
this second method is that the motor must be made larger and is 
therefore more expensive than would be the case if rheostatic 
control in the armature circuit were used. This is due to the 
fact that if the armature is to be capable of developing its normal 
torque when running at the highest speed, i.e., in the weakest 
field, it must take a much larger current than when running 
in the strongest field, which gives the lowest speed. Thus in 
the field control method increased efficiency of working is obtained 
at the expense of greater first cost of motor. 

In a series- wound motor, the weakening of the field is effected 
by placing a shunting resistance across the field winding. In a 
shunt- wound motor, the same end is attained by using a field 
rheostat in the shunt circuit. 

Not unfrequently, a combination of both methods of speed 
control is used in connection with the same motor. 

Becently, a modification of the field control method has been 
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coming into use which may be described as the brush displace- 
ment method of speed control. This can only be used satisfactorily 
with msMshines provided with reversing poles. 

We have seen (§ 87) that in the case of a generator a reversing 
e.m.f. may be obtained in the short-circuited coils by giving the 
brushes a forward displacement, and that such a forward displace- 
ment results in a weakening of the field by the de-magnetising 
belt of ampere-turns which is formed on the armature. If we 
now consider the case of a motor, and suppose that the directions 
of field fiux and armature rotation are similar to those for the 
same machine when used as a generator, then it is obvious that 
the armature currents must have opposite directions in the two 
cases. What was a reversing e.m.f. in the generator will, there- 
fore, no longer be such in the motor, and in order to obtain 
a reversing e.m.f. in a motor, the brushes must be given a 
backward displacement relatively to the direction of rotation, or 
a backward had. The armature current having now the opposite 
direction to that in a generator, a backward displacement of the 
brushes in q, motor has the same effect as a forward displacement 
in a generator — we again obtain a de-magnetising belt of ampere- 
turns. In motors required to run both ways (such as traction 
motors) the brushes are not displaced from their position of sym- 
metry ; but in the case of motors whose direction of rotation 
remains unaltered, sparkless running may be facilitated by giving 
the brushes a backward lead. 

If instead of displacing the brushes backwards in a motor we 
were to displace them forwards, we should obtain a magnetising 
belt of conductors on the armature instead of a de-magnetising 
one, and the field would be strengthened. In motors of ordinary 
construction, this could not be done to any large extent owing to 
sparking troubles. But in the case of motors provided with 
suitably designed reversing poles, the sparkless commutation 
zone may be widened to such an extent that a considerable 
forward or backward brush displacement becomes possible with- 
out causing sparking. Now, since a backward displacement 
weakens the field, and a forward one strengthens it, we have a 
means of varying the field intensity, and hence controlling the 
speed of the motor, by simply shifting the brushes one way or the 
other. This method of brush displacement has in practice been 
found capable of giving an enormous range of speed variation. 
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Examples. 

1. The core of a four-pole wave- wound motor armature is 
provided with. 47 slots, each slot containing 24 conductors. If 
the flux per pole is 1*88 X 10^, and the armature current is 
17 amperes, what is the total torque, in lb. feet, exerted by the 
armature ? 

2. The wave-wound armature of a four-pole motor contains 
990 conductors, and exerts a total torque of 150 lb. feet when 
taking a current of 88 amperes. If the armature runs at 700 
revolutions per minute, what is the p.d. across its brushes ? The 
resistance of the armature winding is *065 ohm, and the total 
brush contact drop is 2*8 volts. 

8. In a certain motor, the flux per pole is 2*85 X 10^, and the 
armature runs at a speed of 950 revolutions per minute when 
taking a current of 129 amperes, the brush p.d. being 220 volts. 
The resistance of the armature winding is *0295 ohm, and the 
total brash contact drop is 2'2 volts. If the flux per pole be 
reduced to 2 x 10^ and the brush p.d. to 200 volts, the load on 
the motor (i.e., the resisting torque) remaining unaltered, what 
will be the new speed of the motor armature ? 

4. The flux per pole in a four-pole tramcar motor amounts to 
8*65 X 10*. The wave- wound armature contains 758 conductors, 
and is geared to the car axle by means of spur gearing whose 
speed reduction ratio is 4*78. If the armature takes a current of 
50 amperes, what pull will it exert at the circumference of the 
car wheels, assuming the wheels to be 80 inches in diameter, and 
the friction losses (including hysteresis and eddies in armature) 
to amount to 12 per cent, of the total mechanical power developed 
by the armature ? 
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§ 103. Shafts and Journals. 

Armature shafts are made of the best mild steel (generally 
Bessemer steel). In addition to the torsional stress arising 
from the transmission of the driving torque through the shaft, 
the shaft is subjected to a bending stress due to the weight of 
the armature and any possible asymmetry of the field, such as 
might arise from a slightly eccentric position of the armature 
relatively to the field, caused by imperfect initial adjustment of 
the bearings, or by wear of the bearings after prolonged running. 
Further, in the case of some machines — such as traction generators 
or motors — the machine may be liable to sudden heavy overloads, 
and the stresses in the shaft will then greatly exceed the normal 
stresses. In order to allow for all such contingencies, armature 
shafts are generally designed with a very ample margin of safety. 

The diameter of the thickest part of the shaft may be determined 
by means of the formula 

d^ C /(/ ^^^^**« 



revolutions per minute' 
d being the diameter in inches, and G having a value which ranges 
from 7 to 9, the higher values of G being used in connection 
with machines of smaller output. 

Within the bearings the shaft may be considerably reduced 
in diameter, the diameter of the journals being made about 
10 per cent, less than that of the thickest part of the shaft. 
In small machines a much greater reduction (up to SO per cent.) 
may be made. The peripheral speed of the journals does not 
generally exceed 600 feet per minute. 
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OIL THROWER^ 



-i 



JOURNAL 



The length of a journal is generally from 2^ to 8} times its 
diameter, the length of journal increasing with the speed. 

In order to prevent the oil from 
creeping along the shaft and reaching 
the commutator and winding — which 
would endanger the insulation of the 
machine — it is usual to provide the shaft 
with oil-throwers on the inner ends of 
the journals. Such an oil-thrower may 
consist either — as shown in Fig. 85 — of 

a ridge turned on the shaft, or of a sharp-edged ring shrunk on 
to the shaft. 



Fig. 85.— Oil-thrower on 
dynamo shaft. 



§ 104. Armature Cores and Spiders. Equalising 

Rings. 

The armature core is built up of either Swedish iron or mild 
steel stampings, of a thickness not exceeding *025 inch. The 
insulation between the stampings consists of a coating of 
insulating varnish (in some cases, very thin paper insulation is 
used). The aggregate thickness of the insulation amounts to 
about 12 per cent, of the gross length of the laminations. 

In the case of very small armatures, the armature stampings 
consist of discs threaded directly on the shaft, and held in place 
by means of two gun-metal end-plates, one of which abuts against 





END-PLATE 



Fio. 86. — Method of mounting small armature core. 

a collar on the shaft, while the other is tightened up by means 
of a nut, as shown in Fig. 86. Each disc is stamped out with a 
key-way which fits over the feather key provided on the shaft. 
If the armature is of somewhat larger size, the radial depth of 
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SUPPORT FOR COIL ENDSx 




FlO. 



the laminations becomes unnecessarily great, and the core may 
be lightened by punching out large openings in the core plates, 
as shown by the dotted line in the left-hand bottom quadrant of 

the end view in Fig. 86, the core 
discs becoming wheel-shaped, 
with a number of radial arms 
connecting the boss to the peri- 
phery. Besides lightening the 
core, this plan has the advan- 
tage of improving its ventilation. 
In all large machines the 
laminated ring which forms the 
armature core is supported by 
a cast-iron frame, technically 
known as a spider. When the 
core is built up of whole rings, 
which are obtainable up to 
4 feet in diameter, the spider 
consists of a central boss fitting 
over the shaft, and a number 
of arms projecting radially out- 
wards, as shown in Fig. 87. The core plates are clamped 
between two end-plates, provided with flanges which support the 
ends of the coils. 

In very large machines the armature core ring is built up of 
segments, of the form shown in Fig. 88. The spider is in this 

case provided with a rim, and 
the stampings are dovetailed — ^as 
shown in Fig. 89 — into the 
spider rim. By splitting the rim, 
the spider casting is relieved of 
the stresses which might other- 
wise arise by reason of unequal 
cooling after casting. The number 
of spider arms is generally from 
6 to 10. The cross-section of the arms varies in different 
designs, being frequently elliptic (ratio of axes 2 : 1 or 8 : 1), 
with the arms solid or hollow, and sometimes -h-shaped or 
H -shaped. The armature stampings in alternate layers are 
arranged to break joint with each other, the butt joints of 



SPIDER 



87. — Method of mounting large 
core. 




Fio. 88.— CJore stamping. 
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Fia. 89. — Armatare spider and core stampings. 



fTMlCR CORC-PLKTCSr^ 



one layer coming opposite the middle lines of the segments 
forming the 
next layer (this 
is indicated by 
thedotted radial 
lines in Fig. 89). 
The stampings 
are bolted 
between two 
clamping rings* 
in a manner 
similar to that 
shown in Fig. 
87, the clamp- 
ing rings being as before provided with flanges for supporting 
the coil ends. 

In order to secure good ventilation the 
core is provided, at intervals of about 
4 inches, with ventilating gaps about half 
an inch wide. These gaps between the 
consecutive groups of core plates are formed 
by the interposition of special distance- 
pieces. Various designs of such distance- 
pieces or ventilating space-blocks have been used. One form is 
shown in Fig. 90. The core plates on either side of the 
ventilating aperture 
are made thicker than 
the others — ^the thick- 
ness amounting to 
about one-sixteenth of 
an inch — and they are 
riveted to brass blocks 
of the shape shown. 
Another arrangement 
is illustrated in Fig. 91. 
The ventilating space- 
blocks in this case 




BIU»*D1SrANCC-PlCCG 



FiQ. 90.— Spacing disc 
for armatare core. 
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Fio. 91. — ^Ventilating space-block. 

consist of thick plates similar to the core-plates, but having 

* In large machines these rings wonld not be oontinnons, but would consist of a 
number of segments. 

O.C.B. L 
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their teeth twisted through 90 degrees so as to make the top 
edges parallel to the shaft; the plates are further provided 
with large cup-shaped bosses which project the requisite distance 
outside the plane of the plate on each ^de. 

The radial depth of the armature core-discs is generally from 
*8 to '4 of the pole-pitch; the pole-pitch being the distance, 
measured along the armature circumference, between the centre- 
lines of two neighbouring pole-pieces, so that pole-pitch 
^ ^Xarmatare diameter ^^^^ ^.^^j^ ^j ^^^^ ^^^ ^^^ ^^ measured 

number of poles 
in a direction parallel to the shaft, to the core diameter is, in 
machines of ordinary construction, approximately given by 
core length __ 2*5 

core diameter ~" number of poles' 
The teeth of the core-plates are either straight or are expanded 
at the top so as to partially close the slots. The armature con- 
ductors are conveniently held in 
place by means of hard- wood (beech) 
wedges,* as shown in Fig. 92. 
The minimum width of a tooth — 
i.e., its width at the base — should 
not be below about 4 mm., or '16 
inch. The ratio of width of tooth 
to width of slot varies from *5 to 1. 
The depth of a slot does not as a 
rule exceed four times its width, and 
is generally less. 

EquaUsing rings (§ 89) are gener- 
ally attached to the extension of 
of the armature spider, which serves as a support for the pro- 
jecting ends of the conductors. For the purpose of balancing 
the armature (§ 90), it is convenient to make these rings easily 
removable. A form of construction used by Messrs. Grompton 
& Co., Ltd., is shown in Fig. 98. The equalising rings consist 
of insulated cables held in a recess in the extension of the spider 
(or the "winding pulley") by means of a number of equally- 
spaced clamps. At the points where connection is to be estab- 
lished with the armature winding, the cables are brought out 



I 
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Fig. 92.^Arrangement of 
condactors in slot. 



* In high-speed machines these wedges would consist of aluminium or bronze. 
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and soldered to a socket provided with an extension having the 
form of a flat plate, as shown in the figure. This plate is bolted 
to a saddle forming part of a clip which is soldered to the 

L 2 
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armature conductor. It is evident that by undoing the bolted 
joints and bending back the cables the equalising rings may be 
easily disconnected. 




Fio. 92. — Arrangement of 
conductors in slot. 



§ 105. Slot Insulation and Binding Wires. 

The slots are lined with a suitable insulating material before 
the conductors are placed in them. This lining in some cases 

consists of press-spahn; in others 
of micanite about *08 inch thick. 
Sometimes a double lining, con- 
sisting of an outer layer of '02 inch 
micanite and an inner layer of 
'01 inch press-spahn, is used. The 
conductors themselves are insu- 
lated by a cotton braiding, whose 
thickness may be taken as *018 inch. 
In the case of small armatures round 
wire, with a double cotton covering 
which increases the diameter of the 
wire by about '02 inch, is used. 
The end portions of the conductors, and in the case of open 
slots the portions lying in the slots as well, are held in place by 
external bands of wire. The binding-wire consists of phosphor- 
bronze or steel, and has a diameter of from '02 to '064 inch. 

The wire is wound over a band 
of micanite cloth or similar 
material, which protects the 
conductors against any possi- 
bility of a short-circuit through 
the band of wire. The width 
of any one band should not 
exceed three-quarters of an 
inch, in order to prevent excessive eddy-current loss. For the 
purpose of to some extent binding together the individual wires 
forming a band, sheet-copper strips are placed around it at 
intervals, and soldered to the wires. The beginning and end 
of each band are secured by means of a copper clip, as shown 
in Pig. 94. 



BEBINNING 




END 



OPPER CUP 



Fia. 94. — Method of securing ends of 
binding wire. 
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§ 106. Relation Connecting Dimensions and Speed 
with Output of Armature. 

We shall now consider the relation of the dimensions and 
speed of an armature to its output. It is evident that for a 
given diameter, length of core and air-gap induction, the e.m.f. 
and hence the output, will vary in simple proportion to the speed. 
For a given diameter, air-gap induction and speed, the output 
will vary in simple proportion to the length of core : since by 
increasing the length of core in any ratio we increase the length of 
each conductor, and hence the e.m.f. of the machine, in the 
same ratio. If we next suppose the diameter of the core to be 
increased, the length, air-gap induction and speed remaining 
constant, then, supposing the winding to be carried out with 
conductors of the same size as before, we see that the total 
number of conductors, and the number of lines cut by each 
during one revolution, will both be increased in the ratio in 
which the diameter *has been increased. Hence the e jn.f ., which 
is proportional to the product of the total number of conductors 
into the lines cut by each during one revolution, will be increased 
in proportion to the square of the diameter. Thus — assuming 
that the maximum permissible current through each armature 
conductor remains the same — ^the output would be proportional 
to the product of length of core, square of diameter, and revolutions 
per minute. 

It must be remembered, however, that with increase of peri- 
pheral velocity the ventilation of the armature is considerably 
improved, and hence a higher current-density may (for a given 
rise of temperature) be allowed in the armature conductors. 
For this reason, a given increase in the diameter will bring 
about an increase of output which is greater than in proportion 
to the square of the diameter. Similarly, an increase of speed 
will increase the output in a somewhat greater ratio than that 
in which the speed is increased.* The relation connecting the 
speed and dimensions of an armature with its output is thus a 
somewhat complicated one. A rough first approximation may 

* ProTided the output is limited by the permiaslble temperature rise and not by 
sparking. 
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be obtained by means of the formula — 

kilowatts = K cP i m,* 
where d = diameter of armature, in inches ; I = length of core, 
in inches ; m = revelations per minute ; and E is a coefficient, 
frequently termed the output coefficient^ whose value depends on 
the output, in the manner represented by the following table :f 
Output, in kw. = 25 50 100 250 500 1,000 2,000 
K.10» = 16-5 21 26 88 89*5 46 525 

§ 107. Usual Values of Armature Speed. 

The peripheral speed of armatures varies from about 8,500 feet 
per minute in small armatures to about 5,000 feet per minute 
in large ones. 

The peripheral speed of commutators generally ranges from 
1,500 to 2,500 feet per minute. 

As regards the angular velocity of the armature, this is very 
largely determined by that of the prime mover. If we exclude 
the class of dynamos intended for direct coupling to steam 
turbines, the speeds most commonly employed at the present 
time may be taken to be as follows: — 



Output in 
kilowatte . 


5 


10 


20 


50 


100 


200 


500 


1000 


2000 


3000 


BevB. per 

minute . 


1100 


1000 


800 


560 


400 


300 


200 


100 


80 


75 



§ 108. Construction of Commutators. 

Commutators are nowadays invariably built up of hard-drawn 
copper segments, separated by mica insulation ('08 inch 
to '04 inch thick). The mica used for this purpose is chosen so 
as to wear away at about the same rate as the copper of the 
segments ; with very hard mica, ridges are apt to be formed 
between the segments, causing vibration of the brushes and 
consequent sparking. 

* A formula of the type " kilowatts ^szKd^lm*' was first given by Esson, Journal 
of the Ifutitution of Electrical Enffineert, toL xx., p. 272 (1891), and later by 
Eapp ; see the latter's remarks in the Jovmal quoted, toI. xxxi., p. 230 (1901). 

t EleUrateehnitche ZeUschrift^ toL xxyI., p. 803 (1905). 
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The commutators of small machines are supported by a special 
sleeve, which is keyed directly to the shaft. In large machines, 
a supporting spider of cast-iron is used. This is either bolted to 
the arms of the armature spider or mounted on an extension of 
the boss of the armature spider, so as to be entirely clear of the 
shaft. A typical form of construction is shown in Fig. 95. The 
segments are provided with dove-tail extensions on their inner 
surfaces, which rest on an insulating cylinder (about one-tenth 
of an inch thick) of mica. 

The segments are clamped «™'"^- ^mica 

at their ends by means of 
clamping rings, V-shaped 
moulded mica insulating 
rings (one-tenth of an 
inch thick) being inter- 
posed between the seg- 
ments and the clamping 
rings. The projecting 
ends of the mica V-rings 
are mechanically protected 
by bindings of shellaced 
string, which prevent the 
flaking away of the mica. 
In very large commuta- 
tors, the clamping rings 
are divided into a con- 
venient number of segments. For the sake of greater security 
against centrifugal stress, they are provided with projections 
along their inner edges, which overlap the inner surface of the 
spider-rim. 

The radial depth of the commutator segments at their ends 
(i.e., their minimum radial depth) is generally between 1 inch 
and 1^ inches, while the radial depth of the dovetail is about 
f inch to 1 inch, giving for the maximum radial depth of the 
segments about 2^ inches. The minimum axial length of a 
segment — i.e., the distance between the points of the two V's, 
or the minimum width of the dovetail — is about one-third 
of the total length. The thickness of a commutator segment 
should not be less than '1 inch at the top and '04 inch at 
the bottom. 




Fio. 96. — Type of commutator constniction. 
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§ 100. Construction of Yoke and Poles. 

The yoke ring may be either of cast iron or cast steel — 
depending on which of the two materials is the cheaper to use. 



xV^KC 



CAST YOKE 




LAMINATED POLE 



^ POLE SHOE 

Fig. 96.— Field pole construction 



Fig. 97. — Liaminated pole cast into yoke. 



r»7 



Fio. 98.— Solid steel 
pole cast into yoke. 



The field poles are of cast steel, or are bailt 
up of steel laminations, and the pole-shoes 
may be either cast in one with the poles 
or built up separately of sheet steel lamina- 
tions, and fixed to the poles by means of 
screws. In large machines, the field yoke 
is divided into halves by a horizontal plane, 
and in the largest sizes it may become 
sub-divide it still further. There are various 

One of the 



necessary to 

methods of attaching the poles to the yoke. 



YORC 



FOOT OF FIELD FRAME 

dOLTS FOR VERTICAL 
ADJUSTMENT 



commonest is 
to use two 
bolts, as 
shown in Fig. 
96. Another 
method, which 
gives a very 
good joint, is 
to cast the 
poles into the 
yoke (Pigs. 97 
and 98). In 
Pig. 97 the 
Dole is a lami- 

Fio. 99.— Method of supporting field ring. nfttftd one 

while in Pig. 98 it is of cast steel, of circular cross-section; 
the grooves in the upper part of the pole, which enters the 
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yoke, give a large area of contact with the cast metal, and 
the joint is a very perfect one. 

In large machines provision should be made for exact centreing 
of the field relatively to the armature. One method of doing this 
is illustrated in Fig. 99. It will be seen that the field is capable 
of displacement in either a vertical or a horizontal direction. 
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§ 110. Brashes and Brush G^ar. 

The carbon brushes almost universally employed in modern 
dynamos are from f inch to 1 inch thick, f inch to 1| inches wide, 
and 1 inch to 1^ inches long. Numerous types of brush-holders 
have been devised. A simple form is shown in Fig. 100. Instead of 
using a single large brush, it is customary to use a number of 
smaller ones, as a small brush is much more likely to give good 
contact with 
the commuta- 
tor over its 
entire surface 
than a large 
one. The 
requisite num- 
ber of brush- 
holders is 
mounted side 
by side on a 

rod or spindle known as the brush spindle. The brush spindles 
are supported from a metal ring known as the brush ring, by 
means of suitable forks bolted to the ring, as shown in Fig. 101. 
The brush forks are heavily insulated from the ring, and brush- 
holders of the same polarity are connected, by means of flexible 
cables, to a 'bus ring of copper. These 'bus rings, which are in 
connection with the generator terminals, are shielded by the 
brush ring as shown, and are mechanically attached to it with the 
interposition of suitable insulating supports. In designs where 
the 'bus rings are exposed they are heavily taped with insulating 
tape. In order to allow of exact adjustment of the brushes, the 
brush ring is made movable by providing it with projections 
which fit into corresponding guides in the arms by means of 
which it is supported from the yoke ring (Fig. 101). The 
displacement of the brushes is generally accomplished by the aid 



Fig. 100.— Type of brush-holder. 
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of a long screw fitted with a hand- wheel, as shown in the illostra- 
tion ; both the bearing at the hand- wheel end, which is attached 




Fig. 101. — ^Method of snpportiDg brush ring. 

to the yoke ring, and the nut fitted to the brash ring, are capable 
of rotation aboat axes parallel to the shaft of the madiine, 
thereby giving the screw perfect freedom of motion. 



fVf4lTt MtTAl IINIM^ 
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Fig. 102. — Self-oiline bearing. 

§ UL Bearings* 

In small machines, the bearings, which are always of the self- 
oiling type, and are provided with either a cylindrical (Fig. 102) 
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or a spherical (Fig. 103) seating, are either supported by pedestals 
arising from the bed-plate of the machine, or — ^in Uie case of 
machines of the enclosed type — are contained in the end- 
shields, which are bolted to the yoke 
ring on each side. In large machines, 
special foundation plates are provided 
for the support of the yoke ring and 
the bearings. 

i 112. Weight and Cost 
of Dynamos. 

Since by doubling the speed of a 
given machine we may approximately 
double its output, it is clear that the 
size, weight and price of the machine are not determined by its 
output only, but by the work done per revolution. We may con- 
veniently express this latter in watt-minutes per revolution, or (since 

watt-minutes watts \ . ,, , . . 

T—T' = r-p : — 7- ) ^ watts per revolution 

revolutions revolutions per mmute/ 

per minute. The following table gives some idea of the prices 

and weights of dynamos of modern construction : — 




Fio. 103.— Self -oiliDg bearing 
with spherical seating. 
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Price in £ . 22 28 34 

Weight in cwt. 3*2 4*4 6-6 

Watts 



7 10 15 20 



30 



40 60 



40 
6-8 



45 
8-0 



54 
10-4 



63 
13-4 



76 88 110 
17-6 21-4 28 



130 
34 



148 
40 



revs, per mm. 
Price, in £ 
Weight, in cwt. 



= 70 100 200 300 400 600 700 1000 1500 2000 



180 
51 



2.S0 
67 



360 
110 



470 
145 



560 
170 



640 
193 



770 
235 



950 
296 



1150 
380 



1300 
455 



The prices and weights in the above table refer to machines 
complete with bed-plate, two bearings, pulley and slide-rails. 
In the case of machines for direct coupling to prime movers, 
supplied with only a single bearing and a coupling, but no bed, 
the prices would be from 15 per cent, to 10 per cent, less, 
and the weights from 50 per cent, to 20 per cent, less than 
those given above, the difference in each case decreasing as 
the size of the machine increases. The prices given represent 
the selling prices; the cost of manufacture being from 
60 per cent, to 80 per cent, of the selling price. As the 
prices vary according to the state of the metal market, and as, 
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of course, different prices are charged by different firms, the 
above table most not be regarded as giving very precise 
information, and variations of some 15 per cent, on either 
side of the figures given above may be expected. 

As an example of the use of the above table, we shall roaghly 
determine the price and weight of a 100-kiIowatt generator, 
running at 400 revelations per minute (mounted on bed-plate, 

complete with pulley).. Here , ,. ^^^^ -. — - = 250, and 

revolutions per mmute 

by reference to the table we find that the approximate price would 

be £420, and the weight 128 cwt., or 6*4 tons. If supplied for 

direct driving, with only one bearing and no bed-plate, the price 

would be about £870 (about 12 per cent, less than £420), and 

the weight about 100 cwt., or 5 tons. 

The weight of the armature is from 20 to 80 per cent, of the 

total weight of the machine, while its cost is about half the total 

cost of the machine. 

Examples. 

1. Find approximately the diameter of the thickest part of the 
shaft of a 600-kilowatt generator designed for a speed of 
55 revolutions per minute. 

2. The armature core of a 14-pole generator has a diameter 
of 100 inches. Find approximately the radial depth of the core 
stampings. 

8. A 75-kilowatt dynamo designed for a speed of 895 revolu- 
tions per minute has an armature whose diameter is 29 inches, 
and whose core length is 12^ inches. Find its output coefficient 

4. Find the approximate cost and weight of a 110-kilowatt 
dynamo intended to run at a speed of 785 revolutions per 
minute. 
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§ 118. Usual yalues of induction in dynamos. Ampere-conductors per unit length 
of armature circumference — § 114. Calculation of field ampere-turns— 
§ 115. Potential drop over teeth—f 116. Calculation of air-gap reluctance — 
§ 117. Potential drop in field core and yoke — § 118. Field ampere-turns 
required to balance demagnetising effect of armature — § 119. Field ampere- 
turns required to compensate field distortion — f ISO. Numerical example— 
Examples. 



§ 113. Usual Values of Induction in Dynamos. 

Ampere-conductors per Unit Length of Armature 

Circumference. 

The following are the values of the magnetic induction 
commonly used in the various parts of the magnetic circuit of 
a modern generator : — 

Armature core 10,000 to 12,000 

Armature teeth 18,000 to 22,000 

Air gap 7,000 to 10,000 

Field cores (cast steel) 12,000 to 15,000 

VnVft 1^^* s*®®^ 10,000 to 12,000 

^°^® least iron 4,000 to 6,000 

The product of the number of armature conductors into the 
current carried by each gives us the total ampere-condv/ctoi's or 
ampere-wires of the armature. The ampere-conductors per inch 
of armature circumference vary from about 400 in small machines 
to about 650 in large ones (this corresponds to 160 to 250 
ampere-wires per cm. length of armature circumference). The 
length of (single) air-gap varies from about one-tenth of an inch 
(or, say, '25 cm.) in small machines to about three-eighths of an 
inch (or, say 1 cm.) in large ones. The current-density in the 
armature conductors ranges from about 1,500 to 2,500 amperes 
per square inch (280 to 890 amperes per square cm.) of cross- 
section, while in the field coils it varies from 750 to 1,000 
amperes per square inch (125 to 155 amperes per square cm.). 
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§ 114. Calculation of Field Ampere-turns. 

The ampere-turns required to produce a given flux per pole 
are calculated in a manner similar to that explained in § 88. 
There are, however, certain difficulties connected with some 
parts of the problem which we now proceed to consider in detail. 
A reference to Fig. 104 shows that each magnetic circuit may 
be divided into two symmetrical halves by a radial plane (shown 
chain-dotted in Fig. 104) drawn half-way between two neigh- 
bouring poles. Since the total m.m.f. maintaining the flux in 
any circuit is contributed by two neighbouring coils, the simplest 
plan is to consider one half of a circuit, such as that marked 

A BC D E in 

l__^ Fig. 104, and to 

^ I " """"-<-^..,^^^ determine the total 

^y''^"^^ 4^ . ^^^\^ fall of magnetic 

V ;' \ J potential along it. 

\ ^ — r r*"^*^^--^ / ""^^ **^ ^' nwig- 

\y'^^^^^ \ \ i / / ^"^"^>v/ °®*^® potential is 

\ '• \ ' y / / ©qaal to the m.m.f. 

\ <: ?^ j ^^^ > ^^ / io\^ provided by a 

^ • y^*"***^^] fingU field coil. 

<:^ fe-" / The line A B 

\ ^^____^^ / C D E is intended 

Xy^'^"^ ^^""""-N^y to represent the 

Fio. 104.— Magnetic droait of dynMna ™®^ P***^ ^* *^® 

flux along one half 
of a magnetic circuit. Although no doubt exists regarding the 
exact lengths of AB, BC and CD, the lengths A and DE are 
somewhat uncertain ; but owing to the fact that the fall of mag- 
netic potential along A and D E is generally a small fraction of 
the total fall along A B C D E, an error in estimating the 
lengths of A and D E will not introduce any serious percentage 
error into the final result. 

The line OABCDE passes through a number of media 
having difiierent permeabilities, and hence, in accordance with 
the principles explained in § 88, we divide it into as many parts 
as there are regions of difl^erent permeability. We determine 
the drop of magnetic potential over each part, and the sum of 
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all such drops gives us the total fall of potential from to E — 
i.e., the m.m.f. to be provided by each field coil. 

Let N be the total flux per pole. Then ^ N is the flux per 
magnetic circuit. Dividing this by the radial cross-section of 
iron below the teeth in the armature core, we obtain the value of 
B in the body of the core. A reference to the B-H curve (§ 24) 
for armature stampings gives us the corresponding value of H. 
If we denote the length A, measured in cms., by Z^, the fall of 
magnetic potential along A is given by l^ H^, where H. is the 
value of H in the armature core.* 



§ 115. Potential Drop over Teeth. 

The calculation of the magnetic potential drop over the arma- 
ture teeth (i.e., over A B in Fig. 104) is attended with difficulty 
on account of the fact that the teeth taper, and hence the value 
of the induction varies 
from point to point of A B. 
We commence by deter- 
mining the value of the 
induction at the top of a 
tooth, i.e., at the point B 
in Fig. 104, on the assump- 
tion that the entire flux 
leaving the polar surface 
enters the tops of the teeth, 
none of it going into the 
slots. This assumption is 
not correct, as in reality 
some of the flux passes 
down the slot and then 



1 li/My/l IWVMlllllll 


TOOTH 


SLOT 


TOOTH 



Fio. 106.— Flux distribution in air-gap. 



enters the flanks of the teeth, as shown in Fig. 105, which gives 
the approximate distribution of the flux in the air-gap and slots. 
Neglecting this effect, however, we obtain the flux per tooth by 
dividing the total polar flux N by the number of teeth which 

* The above is a very rough approximation — fortunately sufficient for practical 
purposes, owing to the smallness of the magnetic potential drop along A. It is 
easy to see that the cross-section over which the flux is spread between O and A 
is by no means constant, but varies Jrom point to point ; hence B will also vary 
along O A, inst-ead of — as assumed — ^remaining constant. 
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receive the flux — a number which is somewhat greater than 
that included within the polar arc, owing to the lateral spread- 
ing of the flux. The spreading or ''fringing" will be the 
greater the longer the air-gap. As an average, we may take 
about 10 per cent, as the amount to be added to the actual 
number of teeth under cover of the pole-shoe in order to 
take the " fringing " into account. The flux per tooth 
having been thus obtained, we determine the induction at 
the top of a tooth by dividing the flux per tooth by the 
area of iron at the top of the tooth. Part of the total area 
of the top of a tooth is occupied by insulation between the 
core stampings, and the space so occupied generally forms 
from 10 to 15 per cent, of the total area. If I = gross length 
of laminations (ventilating ducts not included), and h = width 
of tooth at the top, both expressed in cms., we may take 
'88 Iti to represent the nett area of iron at the top of a tooth. 

The induction Bn is then given by B^ = ^^^^^ Per tooth ^ 

•88 Iti 

Having found the induction at the top of a tooth, we proceed 
to determine it at the bottom of the tooth and at a number of 
intermediate sections, on the assumption that the flux nowhere 
leaves the tooth (passing into the slots). The induction will 
then vary inversely as the width of tooth at the given cross- 
section. If tg = width of tooth at bottom, the induction at the 

bottom of the tooth will be Bt^ X -. Let us choose three inter- 
na 

mediate cross-sections equally spaced ; the corresponding widths 
of tooth will then be ti — J («i — ta) = f ti + J (g ; h — iih—t^) 
= i{ti + ta); and <i — f («i — ta) = J ^i + i ta. The corre- 
sponding values of the induction will be 

S^i><fr4Ti: = ^'^><— S;^ B^X-^;andB^X >^ 

^1 h ti 

The inductions at the various cross-sections having been 
found, we next refer to a B-H curve, and find the corresponding 
values of H. In the Table on p. 22, § 24, values of B and H 
are given for armature stampings up to B = 18,800. Since, 
however, the induction in armature teeth is frequently carried 
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beyond this limit, we require an extension of the Table. This is 
given below : — 



H = 


170 


275 


400 


480 


680 


690 


840 


1,020 


1,240 


B = 


18,000 


19,000 


20,000 


20,500 


21,000 


21,500 


22,000 


22,500 


23,000 



Having determined the values of H at the different cross- 
sections of the tooth, we next plot a curve — such as that shown 
in Fig. 106— having distances down the tooth for ordinates and 
values of H for abscisssB. It is evident that the mean ordinate 
of this curve represents the mean value of H along the tooth, 
and its area the product of 
the mean H into the length 
of tooth — i.e., the area gives 
us the fall of magnetic poten- 
tial, in C. G. S. units, down 
the tooth. 

i 116. Calculation of 
Air-gap Beluctance. 

DISTANCE ALONG TOOTH - 




Fig. 106.— Variation of H along tooth. 



In calculating the fall of 
magnetic potential along the 
air-gap, we have to make an allowance (1) for the equivalent 
increase of area due to the "fringing" effect, or lateral spreading 
of the flux, and (2) for the equivalent increase in the length of 
gap due to the fact that the flux is not uniformly distributed, but 
is crowded into the regions lying immediately above the teeth, as 
shown in Fig. 105. Both these problems have been investigated 
mathematically by Mr. F. W. Carter,* and his results have been 
confirmed by independent experimental investigations. 

In order to allow for the fringing effect, we may, in estimating 
the effective cross-sectional area of the gap, add to the length of 
the polar arc an amount c//, where g is the gap length and c a 

coeflScient whose value depends on the ratio r = ^^ ^^PQ ar arc 

gap length 

* Electrical World and JEnghieer, vol. xxzYiii., p. 884 (1901); also Journal of 
the Institution of Electrical Engitieert, vol. xxxiv,, p. 48 (1904). 

C.C.B. M 
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The following Table gives the values of c corresponding to various 
values of the ratio r : — 



r = 


10 


12 


14 


16 


18 


20 


22 


24 


26 


28 


SO 


85 


40 


45 


60 60 


c = 


2-48 


2-65 


2-84 


8-00 


8-15 


8-28 


8-40 


8»61 


S-61 


8-70 


3-78 


8-98 


4-14 


4-28 


4-40 1 4-66 



On adding the amount eg to the length of the polar arc, and 
multiplying the sum by the length of the pole-shoe measured in 
a direction parallel to the shaft, we obtain the equivalent cross- 
sectional area of the gap. The quotient of N by this area gives us 
the mean value of B or H in the gap. 

The virtual lengthening of the gap due to the crowding of 
the lines into the spaces immediately above the teeth may be 
taken into account by multiplying the actual gap length by a 
certain " correction coefficient " fci. The value of this coefficient 
may be expressed with a sufficient degree of accuracy for all 
practical purposes by the following very simple formula due to 
A. Miiller * : — 



1 + 4 



9 



ki = 



+ 4^ 



tl + 8 

where g = length of gap ; 8 = width of slot ; h = width of tooth 
at top. 

A further increase in the equivalent gap length must be made 
if the core is — as is generally the case — provided with ventilating 
ducts. If in the formula given above for ki we substitute for s the 
width of the ventilating gap, and for h the length of each con- 
tinuous section of laminations, we obtain a second correction co- 
efficient /fa, which enables us to make an allowance for the 
increase in the gap reluctance due to the presence of the 
ventilating ducts. The final corrected gap length is given by 
kik^. 

Multiplying the mean value of H in the gap, found, as already 
explained, by kik^g, we obtain the fall of magnetic potential, in 
G. G. S. units, across the gap. 

♦ ElektratechnUche ZeiUchrifl, vol. xxvii., p. 1103 (1906), 
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i 117. Potential Drop in Field Core and Yoke. 

In considering the drop of magnetic potential along the 
field core or pole and the yoke, we have to take into account 
the fact that the flux in these parts is greater than N, 
owing to magnetic leakage. The total flux in the field core 
is vN, V being the leakage coefficient (§ 34). The value of 
V varies within certain limits, and depends on the size of 
the cores. For multipolar machines of ordinary construction, 
we may take v = 1*2 as a safe average value.* Dividing vN 
by the cross-sectional area of the field core, we obtain the 
value of B in the core, and by reference to the B-H curve 
the corresponding value of H. The product of this into the 
length of core (C D in Fig. 104) gives the drop of potential 
over the core.t 

Similarly, on dividing ^vNt by the yoke cross-section, we 
obtain B in the yoke, and the corresponding value of H when 
multiplied by the length of path in the yoke (D E in Fig. 104) 
gives us the potential drop in the yoke part of one-half of the 
magnetic circuit considered. 

The sum of the various magnetic potential drops so found, 
when multiplied by '795, or, approximately, by '8 (§ 18), gives 
us the ampere-turns per pole. Instead of using the C. G. S. unit of 
magnetic force, finding the magnetic potential drop in G. 6. S. 
units, and then reducing to ampere-turns, we may conveniently 
adopt the ampere- turn per cm. (or the ampere-turn per inch) as our 
unit of magnetic force (§ 18), plot curves connecting B with this 
unit for the various materials used, and so find the magnetic 
potential drops directly in ampere-turns. The sum of these 
gives us the ampere-turns per pole. The size of wire to be used 
in winding the coil is then found as explained in § 35, and the 
amount of wire, which depends on the permissible temperature 
rise, is determined in accordance with the principles explained 
in § 126. 

* In small machines, v may reach a value of 1*3. 

t Strictly spealdng, the pole-shoe should be considered separately, as its area is 
in general different from that of the field core ; but the potential drop over the pole- 
shoe is so small that this would be a needless refinement. 

X Since only half the flux per pole passes through the yoke section. 

M 2 
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§ 118. Field Ampere-turns Required to Balance 
Demagnetising Effect of Armature. 

In determining the ampere-turns per coil, we have hitherto 
supposed that the field ampere-turns are the only m.m.f. acting 
around the path of the main flux. So long as the brushes are 
not displaced from their neutral position, this assumption holds 
good. But the forward displacement given to the brushes of 
ordinary machines for the purpose of securing sparkless commu- 
tation* (§ 86) calls into play a demagnetising belt of armature 
conductors which directly opposes the field ampere-turns (§ 87). 

Z i 
If ^T-^ represents the number of ampere-conductors per pole- 
pitch (i. being the current in each conductor, Z the total number 
of conductors, and P the number of pairs of poles), the demagnet- 
ising ampere-turns per pole called into play by giving the 
brushes a forward displacement, represented by a fraction /of the 

fZ i 
pole-pitch, are given by -^ * , Although the exact amount of 

brush displacement is not easy to estimate, it is advisable, in 
order to use a safe value, to suppose that the displacement 
amounts to half the interpolar arc, so that the conductors 
forming the short-circuited coil are just under the edge of the 
pole-shoe. 



i 110. Field Ampere-turns Required to Compensate 
Field Distortion. 

Besides the direct demagnetising effect which is due to the for- 
ward brush lead, a further effect is exerted by the armature 
current, which consists in an increase of the reluctance of the 
main magnetic circuit due to the crowding of the flux to one side 
of the pole-shoe. This increase of reluctance is mainly brought 
about by the large decrease in the permeability of the teeth lying 
under cover of that side of the pole- shoe towards which the flux 
is crowded, the teeth being very strongly magnetised even before 
distortion takes place. The increased reluctance of the path 
followed by the main flux necessitates an increase in the field 
ampere-turns if the required value of the flux is to be maintained. 
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The amount to be added to the field ampere-turns will depend on 
the number of ampere-conductors under cover of a pole-shoe, and on 
the field ampere-turns requked to maintain the given flux on open 
circuit. The relation connecting these quantities has been investi- 
gated experimentally by Hobart/ and the results of his researches 
may be approximately expressed by the very simple formula 

_ ap Zp t, 
^^ - 26,000 + 3a„ 
where a^ is the addition to be made to the field ampere-turns per 
pole to compensate for the increased reluctance due to distortion ; 
do = field ampere-turns per pole required to maintain the given 
flux when the machine is running on open circuit ; Zp = number 
of conductors under cover of a pole- shoe ; and i, = current in each 
armature conductor. 

§ 120. Numerical Example. 

We shall apply the method explained above of calculating the field 
ampere-turns to the case of a 400 kilowatt, 480 volt, shunt- wound 
generator designed for a speed of 110 revolutions per minute, t 
The field is a 10-pole one, and the armature is provided with a 
simple lap winding. The drop of voltage in the armature and 
brush contacts at full load is estimated to amount to about 10 
volts, so that the full-load e.m.f. is 490 volts. The correspond- 
ing flux per pole entering the armature is given by (§ 77) 

_ 490 X 10^ X 6 
^ ~ llOZ. 

There being 240 slots in the armature core, each containing 
six conductors, Z = 240 X 6 = 1440. Hence 

J. _ 490 X 10« X 60 _ .Q..^ .^6 
^^ 110X1,440 -1Q^7X10. 

Referring to Fig. 104, the lengths of the various parts of the 
magnetic half-circuit are as follows : — 

A = 26 cms. ; A B = 44 cms. ; B C = '85 cm. ; C D = 
40 cms. ; D E = 50 cms. 

* Elementary Principles of Continuous CurrerU Dynamo Design, p. 72. 

f Full details of this generator, which was exhibited at Li^ge in 1905 by the 
Societe Anonyme des Ateliers de Constructions ^lectriqiies de Charleroi^ are given 
in L'Eolairage Electrique, vol xlv., p. 11 (1906). 
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We now proceed to find the magnetic potential drops over the 
different paths. 

1. Armature core. The gross length of the core is 43 cms. 
There are four ventilating ducts, each 1*2 cm. wide. The length 
of laminations is thus 43 — 4 X 1*2 = 38"2 cms. Allowing 12 per 
cent, for insulation between the stampings, we find that the nett 
length of iron in the core is 38*2 X 'SB = 33-6 cms. The radial 
depth below the teeth is 25*6 cms. Hence cross-section of iron 
in core = 33*6 X 25'6 = 860 square cms. This gives for the 

induction ^^'^^ ^}^ = 10,800, say. The corresponding H 
2 X ooO 

(§ 24) is 10*7. Hence fall of magnetic potential along the path 
A in Fig. 104 is 107 X 26 = 278. 

2. Armature teeth. The number of teeth per pole-pitch is 24. 
The pole-pitch is 62*83 cms., and the polar arc 47 cms. long. Hence 
the number of teeth directly under cover of the pole-shoe is 

24 X 47 

7 = 17'97. AUowmg 10 per cent, for fringing, we assume 

the number of teeth actually carrying the flux to be 19'8. Hence 

the flux per tooth is ^^'^L^ ^^ = '938 X 10^ The width ti of 

19*0 

a tooth at the top is 1*32, and its width at the bottom ^ is 1*20. 
The area of iron along the top is ti X nett length of iron in core 
= 1*32 X 33*6 = 44*35 square cms. We thus get Bii (induction 

*938 X 10^ 
at top) equal to — — — - — = 21,140. Proceeding as explained 
44*35 

in § 115, we find the following values of the induction at equidistant 
points, starting from the top : — 

21,140 21,640 22,150 22,700 23,260 

The corresponding values of H are (§ 115) — 

610 720 900 1,110 1,380 

The depth of slot or tooth is 4*4 cms. On plotting a curve 
similar to that shown in Fig. 106, we find for the magnetic 
potential drop along the teeth the value 4,114 (the mean H is 
935). 

3. Air-gap. The interpolar arc being 62*83 — 47 = 15*88 cms., 

we have r (§ 116) = -? °- = 18*6, the length of air-gap g being 

'85 
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•85 cm. Referring to the Table given in § 116, we find c = 8*19, 

80 that eg = 2*7. The corrected length of pole-arc is thus 

47 + 2'7 = 49'7 cms., and the effective area of gap is 

49'7 X 43 = 2,187 square cms. The mean value of H in the gap 

18*67 X 10* 
^s ^'^^s — ^1 = 8,690. We next calculate the correction 

coefficients ki and h. The width of slot s is 1*8 cm., so that 

4 ^ = 2-62, and ti + « = 1-82 + 1*8 = 2*62. Hence h = 
s 

- ,. , ^ -^ = s-^rrr = 1*16. The length of a continuous section 
'504 + Z'oA o*lZ 

88*2 
of the laminations is — — = 7'64 cms., and since the width of each 
5 

ventilating duct is 1*2 cm., we find ifc, = l^^^t = ^ = ^**^^* 

The corrected air-gap length is fcifcagr = 1*16 X 1*04 X '85 = 
1*025, and the drop of potential across the gap is 8,690 X 1*025 = 
9,040, say. 

4. Field coi'e and yoke. Assuming the leakage coefficient to 

be 1*2, we find for the flux through the pole or field core 

18*67 X 10« X 1*2 = 22*8 X 10«. The flux through the yoke, 

which is half of this, is 11*15 X 10*. The cross-sectional area 

of the pole is 1,885 square cms., and that of the yoke 1,750 

square cms. 

22*8 X 10* 
Hence the induction in the field core is — t-sh^ — = 16,100, and 

l,oo5 

that in the yoke ^^^^J^r^^ = 6,870. The field cores are of 

forged iron. For this material (for which no data are given in § 24) 
the value of H corresponding to B = 16,100 is about 40. The yoke 
is of cast-iron, and on referring to the Table given in § 24 we find 
H = 28. Hence the potential drop over the core is 40 X 40 = 
1,600, and that over the yoke is 28 X 50 = 1,400. 

The total drop of magnetic potential over one-half of the 
magnetic circuit is thus 278 -f 4,114 + 9,040 + 1,600 + 1,400 = 
16,500, say. The corresponding ampere-turns are *8 X 16,500 
= 18,200. 

5. Ampere-tuiiis to balance armature reaction. The full-load 

Afifi AAA 

external current is — ' = 884 amperes. We shall assume, 
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as an approximatioD, that the shunt current is about 2 per cent, 
of the full-load current, so that the total armature current 
is 884 X 1*02 = 860. The current per conductor is 85 
amperes, since there are 10 poles. The ampere- conductors per 
pole-pitch are 850 X 144 = 12,240. We shall assume the 
brush lead to amount to half the interpolar arc, so that 

f (§ 118) = ^ = 126. This gives for the demagnetising 

ampere-turns per pole 12,240 X '126 = 1,548. 

6. Ainpere-tui-na to compensate distortion of field. Usin<? the 

y 

formula given in § 119, we have, since a^ = 18,200, Zp = ^-p X 

-¥^. = 144 X tI^ = 108, say. i. = 85. 
pole-pitch 62-83 

__ 13,200 XjlOe^X 85 _ 
^''"" 26,000 + 39,660 - l'«*^- 

7. Total ampere-ttvms at full load. These are given by 

18,200 + 1,548 + 1,847 = 16,600, say. 

8. Size of ivire to be used in winding shunt coils. Assuming 

all the field coils to be connected in series with each other, we 

480 
have for the p.d. across each coil —^ = 48 volts. Hence 

(§ 85) the resistance of the mean turn of a coil = ^-75-7.^^. = 

J.u,dUU 

'00289 ohm, at the working temperature, which, assuming a 
mean temperature rise of 50^ C, and an engine-room tempera- 
ture of 20^ C, would be 70° C. We may assume the depth of 
the winding to be about 2^ inches. The diameter of the field core 
is 16i inches, so that the length of the mean turn is v 
(16*25 + 2*5) = 59 inches. Hence the size of wire must be 
such that at a temperature of 70° C. 59 inches of it have a 
resistance of -00289 ohm, or 1,000 yards have a resistance of 
1*76 ohms. The temperature coefficient of copper being '004, 
the resistance of 1,000 yards of the wire at 15° C. would be 

—^r^ = 1'46 ohms. On referring to a wire table in 

which the resistances, at 15° C, of 1,000 yards of the various sizes 
are given, we find that 1,000 yards of No. 9 S. W. G. have a 
resistance of 1*48 ohms, which is sufficiently near the value 
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required by us. This, as a matter of fact, was the size actually 
adopted by the makers of the machine. 



Examples. 

1. The number of slots in the core of a six-pole lap- wound 
armature is 210, and each slot contains four conductors. The 
armature diameter is 80 inches, and the full-load armature 
current 360 amperes. Find the number of ampere-conductors 
per inch length of armature circumference. 

2. A four-pole armature has an external diameter of 745 mm. 
and a gross core length of 830 mm. There are 151 slots, each 
7'8 X 85 mm., and two ventilating ducts, each 15 mm. wide. 
The insulation between the laminations occupies 14 per cent, of 
the gross space taken up by the laminations. If the flux per 
pole is 12*1 X 10*, and if this flux is carried by twenty-eight 
teeth, what is the drop of magnetic potential, in ampere- turns, 
over a single tooth ? 

8. The field of a ten-pole generator has a bore of 96f inches, 
the armature diameter being 96 inches. The polar arc extends 
over 75 per cent, of the pole-pitch. There are 300 slots in the 
armature, each '525 inch wide. The gross length of core is 
20 inches, and there are six ventilating ducts, each § inch wide. 
If the flux per pole is 20 X 10*> what are the ampere- turns 
required to maintain this flux across a single air-gap ? 

4. A lap-wound six-pole armature contains 900 conductors. 
The full-load armature current is 540 amperes, and the forward 
brush lead corresponds to 11 per cent, of the pole-pitch. Find 
the field ampere-turns per pole required to balance the demag- 
netising effect of the armature. 

5. In a certain eight-pole machine the number of ampere- 
conductors per inch length of armature circumference is 520 at 
full load, the armature diameter is 43 inches, and the length 
of each polar arc is 12*8 inches. The number of field ampere- 
turns per pole required to produce the full-load e.m.f. on open 
circuit has been determined to be 7,000. How many additional 
ampere-turns per pole will be required to balance (a) the 
demagnetising and (6) the distorting effect of the armature 
current ? 



CHAPTER XI. 

§ Idl. Losses occurring in dynamo— § 182. Losses due to resistances of windings 
and brush contacts — § 128. Hysteresis and eddy-current losses in armature 
core — § 124. Hysteresis and eddy-current loss in pole-shoes, and eddy-current 
loss in armature conductors — § i26. Additional losses at full load. Mechanical 
friction losses. Efficiency — § 126. Calculation of temperature rise — § 127. 
Experimental determination of efficiency. Soamcs testing brake— § 128. 
Eddy-current brake — § 129. Efficiency tests of small generators — § 180. Field's 
efficiency test for tramway motors — § 181. Hopkinson*s efficiency test — 
§ 182. Hopkinson's efficiency test as applied to series- wound machines — § 188. 
Swinburne's efficiency test — § 184. Determination of temperature rise. 
Examples. 

§ 121. Losses occurring in Dynamo. 

Of the total mechanical power supplied to a dynamo, a certain 
fraction is converted into electrical power which is available in 
the external circuit, while the remainder is wasted in the machine 
itself. Similarly, of the total electrical power supplied to a 
motor, part is usefully converted into mechanical power available 
at the motor pulley, and the remainder is lost in the motor. We 
shall now study the various sources of loss in a dynamo or motor. 
These losses may be divided into 

(1) Losses due to heating- of the field and armature coils by the 
currents flowing through them. 

(2) Brush contact losses due to electrical heating of the 
contacts. 

(3) Hysteresis and eddy-current losses in the armature core 
and pole-pieces. 

(4) Eddy-current losses in the armature conductors. 

(5) Mechanical friction losses. 

§ 122. Losses due to Resistances of Windings and 
Brush Contacts. 

The losses due to heating of the armature and field coils are 
easily calculated from the resistances of the windings and the 
currents. If r be the resistance of the winding in question 
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(armature or field, as the case may be), and i the current flowing 
through it, the watts lost in producing heat in the winding are 
given by r i^. The resistance to be used in this formula is that 
of the hot winding. The temperature rise of the coils above their 
surroundings is generally from 35° to 45° C. 

The watts lost by electrical heating of the brush contacts are 
also given by n i\, where Vc is the resistance of the contacts, and 
ia the armature current. As has already been mentioned (§ 84), 
I'c is not a constant quantity, but varies nearly inversely as the 
current, so that ?•« i^ is nearly constant, and equals from 2 to 2*5 
volts. The brush contact loss by electrical heating is thus 
between 2 and 2'5 times the armature current, and hence 
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TEMPERATURE, DECREES CENTIGRADE 
Fio. 107, — Effect of temperature on brush contact drop. 

increases approximately in simple proportion to the current, 
unlike the losses in the coils, which increase in proportion to 
the square of the current. 

Recent investigations by E. Arnold and E. Pfiflfner* have brought 
to light some very remarkable results as regards the effect of 
temperature on the brush contact resistance. The voltage drop 
depends, among other things, on the direction of the current 
across the contact. At moderately high temperatures, the drop 
at the positive brushes may be either greater or less than that 
at the negative brushes. As the temperature rises, however, the 
drop at the negative brushes decreases much more rapidly than 
that at the positive brushes, so that at high temperatures the 
negative brush drop is in most cases considerably less than the 
positive one. A typical case is shown in Fig. 107, which refers to 

• EUJUroteohnitohe ZnUchrift, vol. xxviii., p. 268 (1907). 



172 CONTINUOUS CUERENT ENGINEERING. 

'^ le Garbone Z " brushes at a current density of about 65 amperes 
per square inch. The negative brush is thus seen to be much more 
sensitive to temperature changes thun the positive one. These results 
readily account for some known but hitherto inexplicable effects. 
Thus, it has frequently been noticed that sparking generally 
commences at brushes of one polarity before it appears at those 
of the other ; in view of the fact that the voltage drop is in 
general different at the positive and negative brushes, and that 
the higher voltage drop is more favourable to good commutation 
(§ 84), this behaviour of a machine receives a ready explanation. 
Again, it has been noticed that sometimes a machine which gives 
no trouble when cool begins to spark at the negative brushes 
after it has been kept running for a sufScient time to raise the 
temperature of the commutator beyond a certain limit. This, 
again, becomes perfectly intelligible in view of the curves of 
Fig. 107, since the great drop in the brush contact voltage 
deprives the negative brush of the good commutating properties 
which it possessed at a lower temperature. 

§ 123. Hysteresis and Eddy-current Losses in 
Armature Core. 

The calculation of the hysteresis and eddy-current losses in the 
armature core presents formidable diflSculties, and can only be 
carried out roughly. The main difficulty lies in the large varia- 
tion in the value of B from the inner surface of the core out- 
wards. It is usual, in dealing with the armature core loss, to 
divide this into the loss in the teeth and that in the body of the 
core. 

The induction in the teeth has a very high value, and for such 
high values of the induction Steinmetz's l*6th power law no 
longer holds."^ The following Table may be used in calculating 
the hysteresis loss in the teeth : — 

B = 18,000 19,000 20,000 21,000 22,000 23,000 24,000 
Watt-seconds (joules) per 

C.C. per cycle = -0023 -0025 -0027 0028 0029 '003 003 

Joules per lb. per cycle = 134 146 -168 164 -17 175 -175 

The teeth being tapered downwards, the value of B increases 
from the top to the base of a tooth. We may use the mean value 

• ns Eleetrieian, vol. xxxvi., p. 116 (1895). 
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of B along the tooth in calculating the hysteresis loss by the aid 
of the above Table. 

For the calculation of the hysteresis loss in the core, the 
following Table may be used: — 

B = 10,000 11,000 12,000 13,000 14,000 15,000 
Joules per C.C. per cycle = -00082 -00096 -00112 -00127 00142 -0016 
Joules per lb. per cycle = -048 -056 -065 074 -083 -093 

The eddy current losses in both teeth and core may be approxi- 
mately calculated by the aid of the formula 

watts lost by eddy-currents, per c.c. = 7*5 Wn^fi 10"", 
where n = cycles per second (= revolutions per second x number 
of pairs of poles), and t = thickness of core discs, in cm. The 
above may also be written 

watts lost by eddy-currents, per lb. = 5 BVt^ 10"^^ 

From a large number of tests of machines of different sizes 
and types carried out by Esterline and Eeid,* and by Parshall 
and Hobart,t it appears that within the range of values of B 
commonly in use the total core loss (teeth and body of core, 
hysteresis and eddies) may be approximately represented by 

watts per lb. of core = 7a; + lOo;*, 
where x = Bn 10^. 

This last formula may be used as a rough check on the 
approximate value obtained for the core loss by means of the 
preceding Tables and formulsB. 

§ 124. Hysteresis and Eddy-current Loss in Pole- 
shoes, and Eddy-cnrrent Loss in Armature 
Conductors. 

Owing to the crowding of the lines into the tops of the teeth, 
the distribution of the flux over the polar surface is not uniform, 
there being alternate maxima and minima of the induction as we 
proceed along the polar arc. Further, on account of the rotation 
of the armature, the distribution of the flux over the pole-face 
will vary periodically with great rapidity, the period of the dis- 
turbance being equal to the time which the armature takes to 
advance a distance corresponding to the sum of the widths of a 

* Transactumt of the American IrutUute of ElectricaX Eitgineert^ vol. xx., 
p. 1323 (1903). 

t Meetric Machine Design, p. 118 (1906). 
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tooth and slot. We thus have a very rapid swaying of the lines 
within the pole-shoe, which gives rise to hysteresis and eddy- 
current losses. This kind of disturbance does not penetrate to 
any great depth, as the flux distribution again becomes practically 
uniform within the pole-shoe at a small distance from the surface ; 
but owing to the extreme rapidity with which the lines are kept 
vibrating, the loss close to the polar surface may become appreci- 
able. This loss is greatest with short air-gaps, wide slots, and 
feebly saturated teeth. The eddy-current loss may in such cases 
be largely suppressed by laminating the pole-shoes. 

So long as the induction in the teeth does not exceed about 
20,000, there are very few lines passing through the conductors 
lying in the slots, and there is no appreciable eddy-current loss in 
them. If, however, the teeth be strongly saturated, a consider- 
able number of lines will enter the slot, and with conductors of 
large cross-section the non-uniformity of the field within the slot 
will, as the slot moves away from the edge of the pole-shoe during 
its passage through the "fringe" of the field, give rise to eddy- 
currents in the conductors. It is impossible to calculate, and 
difficult to estimate, the extent of this loss, which, however, only 
becomes important in the case of armatures with very strongly 
saturated teeth (B > 20,000). 

§ 125. Additional Losses at Full Load. Mechanical 
Friction Losses. Efficiency. 

When the armature is loaded, armature reaction causes (§ 87) 
a distortion of the field, and a consequent increase in the 
maximum value of B in the teeth and other portions of the core, 
and in the eddy-current losses in core and conductors. Thus 
the ^^ full-load" core losses will generally be greater than the 
open-circuit or " no-load " losses. Here, again, it is impossible 
to pre-determine the exact increase of loss due to field 
distortion. 

The mechanical friction losses consist of (a) brush friction ; 
(b) bearing friction ; and (c) air friction or " windage." 

The co-efficient of friction for carbon brushes is about B, and 
since the pressure is generally about 1*26 lb. per square inch of con- 
tact area, the tangential resisting force per square inch of contact 
area is 'S75 lb. Hence if t; = peripheral velocity of commutator. 
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in feet per minute, and a = sum of contact areas of all the 
brushes, the brush friction loss, in watts, is given by 

88,000 
The loss due to brush friction, it will be noticed, increases in 
simple proportion to the speed of the commutator. 

The bearing friction loss is, however, found to increase as the 
l*6th power of the speed. This is due to the fact that we here 
have to a large extent to deal with the fluid friction of the lubri- 
cant. If d = diameter, and I = length of journal, both expressed 
in inches, and if r = peripheral velocity, in feet per minute, the 
friction loss in the bearing, in watts, is found to be given 
approximately by 

watts lost in bearing = 10""^ dlv^'^. 

The air friction loss is very diflScult to estimate. A rough 
allowance for it may be made by assuming it to be equal to from 
10 to 15 per cent, of the bearing friction loss. This would only 
apply to machines of ordinary construction. In turbine-driven 
machines, the air-friction loss becomes extremely important, and 
may even exceed the bearing friction. 

The ratio of the useful power developed by a generator or 
motor to the total power absorbed by it is defined to be the 
efficiency* of the machine. The efficiency, of course, varies with 
the load; when used without any qualification, the term 
"efficiency" is understood to refer to the full-load efficiency. 

§ 126. Calculation of Temperature Rise. 

The output of a machine is limited by either sparking or heat- 
ing. The sparking limit may be estimated from the reactance 
voltage (§ 85). The permissible rise of temperature in any part 
of a machine is usually from 35° to 45° C. The probable tem- 
perature rise of the various parts may be approximately estimated 

* By some writers, a distinction is made between commereial efficiency 
and electrical efficiency. The former corresponds to what we have defined 
as the efficiency simply ; by the latter is meant, in the case of a dynamo, 

the ratio ?8efa| electrical power. ^^^ .^ ^^^ case of a motor, the ratio 

total electrical power 
electrical power transformed into mechanical power 
total electrical power supplied to motor 
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from the rate of heat generation and the area of the cooling sur- 
face. Considering first the case of a field coil, the area of whose 
curved outer surface* is a square inches, and in which w watts are 
dissipated, we can approximately calculate the temperature rise 
of the outer aurfctce of the coil by means of the formula 

. _ 66 w 
^" -IT' 
where t is the temperature rise in degrees C. The temperature 
rise of the inner layers may be considerably (from 10 to 50 per 
cent.) higher, depending on the depth of the winding. The 
average temperature rise t„, as deduced from the change in the 
resistance of the coil is found to be given approximately by t 

t^ = (1 + -4^^, 
d denoting the depth of winding, in inches J. 

The pre-determination of the temperature rise in the armature 
is a much more uncertain matter. In the case of large well-venti- 
lated armatures, the surface temperature rise ta is approximately 
given by 

= 65 w 

" (1 + -0005 v) a 
w being the total watts dissipated in the armature winding and 
core, V the peripheral velocity in feet per minute, and a the 
cylindrical surface of the winding (square inches). 
The temperature rise % of the commutator may be taken as 
= 50 1(7 

' (l + -0005r)a 
w denoting the watts dissipated by heating of the brush contacts 
electrically and by friction, v the peripheral velocity of the com- 
mutator in feet per minute, and a the cylindrical surface of the 

* The end surfaces of the coil (cheeks of bobbin) are not to be included in 
estimating the cooling surface. 

t Niethammer, Moderns Qesichtspunkts fur d^n Entvourf EleUruch^r MoAchirum. 
und Apparate, p. 12 (1903). 

t In a recent paper [The Electrician, vol. Iviii., p. 448 (1907)] Mr. G. A. 
Lister finds, as the result of a number of experiments on the heating of field coils, 
that in the case of machines of ordinary construction, of the " open " type, the 
probable mean temperature rise, as measured by the increase of resistance meth<fd 
(§ 134), is given by < = Cmj/A, where A is the total surface of the field coil in square 
inches, including the end surfaces and the interior surface in contact with the field 
core ; and G is a coefficient whose value ranges from ftbout 190 for a 50 kilowatt 
machine to about 230 for a 500 kilowatt one. 
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commutator (sq. inches). This formula gives safe values so long 
as the machine runs sparklessly. 

In the case of machines of the semi-enclosed and totally 
enclosed types, the circulation of the air inside the machine tends 
to equalise the temperatures of the various parts, and the average 
temperature rise t may be approximately determined by a formula 

of the type t = K— , where 
a 

w = total watts lost in the 
machine, and a = total ex- 
ternal surface of machine. E 
is a constant whose value may 
be taken as 100 for semi- 
enclosed and ISO for totally 
enclosed machines. In the 
case of totally enclosed 
machines, the cooling surface 
is frequently greatly increased 
by providing the case of the 
machine with a number of 
ribs similar to those used 
in radiators, as shown in Pig. 108, which illustrates a type 
of motor made by Messrs. Mather and Piatt, of Manchester. 




Fio. 108. — Totally enclosed motor in 
ribbed casing (Mather k Piatt). 



§ 127. Experimental Determination of Efficiency. 
Soames' Testing Brake. 

The formulsB given in the preceding sections enable us to 
calculate approximately the efficiency and probable temperature 
rise of a machine from its constructional data, and may be 
regarded as forming useful guides to the designer. We shall 
now explain how the efficiency of a finished machine may be 
determined experimentally. 

The method to be adopted will depend to a large extent on the 
size of the machine. We shall first consider the determination 
of the efficiency of a motor of small or moderate size. 

For motors up to 5 kilowatts, a form of brake devised by 
Soames, and illustrated in Fig. 109, may be conveniently 
employed. A band of braided hemp passes around the motor 

O.C.B. N 
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pulley, the ends of the band being attached to a steel lever free 
to swing on knife-edges supported by hard steel plates which are 

fitted into the lower 
forked end of a screwed 
shank. The shank 
passes through a nut 
fitted with a hand- 
wheel. This nut is 
supported by a tripod 
stand. The tripod 
head contains a sleeve 
which fits the shank 
loosely, and which is 
provided with two 
inwardly projecting 
pins acting as guides 
to the shank, which is 
grooved to receive 
them. These pins pre- 
vent the shank from 
rotating when the 
hand-wheel is turned in 
tightening or slacken- 
ing the brake. In 
using the brake, the 
tripod is carefully 
adjusted so as to bring 
the shank vertically 
above the motor shaft, 
and the lever into the 
middle plane of the 
pulley. The sliders 
which support the 
brake band are adjust- 
able, and are fixed at 
points on each side of 
the knife-edge distant from the latter by an amount equal to 
the radius of the pulley plus half the thickness of the brake 
band. The portions of the band not in contact with the pulley 
will then be vertical, and with the lever in a horizontal position 




Fia. 109.— Soames* testing brake. 
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the torque at the motor pulley will be accurately transmitted to 

the lever, and may be measured by hanging a weight from one 

end of it so as to balance the torque. If W = weight suspended 

from lever in lbs., and d = its distance from the knife-edge, in 

feet, the torque, in lb. feet, is Wd. The work done per revolution 

is 2 TT d W (or 2 ?r X torque), so that if m = revolutions per 

minute, the power in foot lbs. per minute is 2 tt w d W, and in 

2 IT m d W 
^•P-» QQ r^riPi • Expressing this power in watts, we have 

brake-power of motor in watts = qJ^I^ X 746. 

33,000 

On dividing this latter quantity by the total electrical power, in 
watts, supplied to the motor (as measured by an ammeter and 
voltmeter) we find its efficiency. 

Since the factor - Jl ' in the expression for the brake-power 

is constant if the weight is always hung from the same point — 
as is actually the case — we need merely, in order to find the power 
in watts, take the product W vi and multiply it by the value of 
this constant, which is marked on the lever. 



§ 128. Eddy-current Brake. 

An extremely convenient and accurate form of testing brake 
for motors is that known as the eddy-current brake. It consists 
essentially of a disc or discs of copper which may be mounted on 
the shaft of the motor to be tested, and which are made to revolve 
between the poles of a magnet or system of magnets so arranged 
that powerful induced currents, or eddy-currents, are made to 
circulate in the copper discs. By Lenz's law (§ 5), the motion of 
the discs is resisted, and they tend to carry the inducing magnets 
round with them. By attaching to the magnet or magnets a 
suitable lever, the torque due to the eddy-currents, which is also 
the useful torque exerted by the motor, may be measured. 

One of the most recent forms of eddy-current brake is that 
devised by Messrs. Morris and Lister.* This is shown in 

* To these gentlemen the author is indebted for the drawings and detailed 
information regarding their brake. The brake is made in four sizes, for testing 
motors up to 30 b.h.p. 

N 2 
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Figs. 110 and 111. Two flat rings of high-conductivity hard- 
rolled copper, with thickened inner and outer edges, are screwed 
to the arms of light supporting spiders of aluminium which are 
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mounted on a cast-iron bush. This bush revolves freely inside a 
gun-metal sleeve, mounted on which is an aluminium casting 
which carries the magnetising coils of the series of electro- 
magnets arranged between the copper rings. This casting also 
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carries a long tubular lever projecting both ways. One arm of 
the lever is shorter than the other, and carries a counterpoise 
which serves to balance the torque due to the sliding weight when 
this latter is at the zero of the scale engraved along the longer 
arm of the lever. The motion of the end of this arm is limited 
by two stops. Immediately outside each copper ring are a series 
of pole-pieces facing the ends of the magnet cores, and connected 
to a common yoke-ring which serves to complete the magnetic 
circuits. Each yoke-ring with its system of pole-pieces is rigidly 
supported by a number of forked aluminium castings (each 



TERrtrNAl.--et M {(lyr^^^i * COPPER DISC 



^ ALUMINIUM CASTING 
■^ POLE PUCE 
TUBULAR tEVEK> 

Fig. 111. — Morris-Lister eddy-current brake. 

prong being screwed to a pole-piece) wliich curve round the outer 
edge of the copper ring and are secured to projections on the 
central aluminium casting supporting the magnetising coils. 
The terminals of the coils are mounted on the same projections. 
In order that the brake may be made to fit motor shafts of 
different diameters, a series of steel bushes are provided, which 
fit inside the cast-iron bush supporting the copper rings, and are 
secured to it by a feather key. The steel bushes are provided 
with key-ways, so that they may be keyed to the motor shaft. 
The value of the torque is adjusted to the required amount by 
suitably varying the exciting current of the magnets. The brake- 
power is calculated as already explained in § 127. 

§ 129. Efficiency Tests of Small Generators. 

The efficiency of a small dynamo may be conveniently deter- 
mined by loading it as a motor, and finding the efficiency by 
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means of a brake test as already described. Since the losses 
taking place in the machine with a given p.d. across its terminals 
and given current through its armature are the same, whether 
the machine be running as generator or motor, the efficiency 
corresponding to a given load may be calculated independently 
of whether the machine is loaded one way or the other (i.e., as 
motor or generator). Another very convenient metliod of testing 
small generators consists in coupling them to a standardised 
motor — i.e., one whose efficiency at various loads has previously 
been determined by brake tests — and measuring the power wi 
supplied to the motor and the useful power m?2 developed by the 
generator. If rfi is the efficiency of the motor when absorbing a 
power 111, its brake-power is 171 wu and this also represents the 
mechanical power supplied to the generator. The efficiency of 

the generator is thus -i^. 

If two exactly similar machines are available, they may be 
mechanically coupled, and one loaded as a generator while the 
other is driven as a motor. If wi is the power absorbed by the 
motor, and iv^ the useful power developed by the generator, the 
joint efficiency of the two machines (which is the product of 
their individual efficiencies) is w^ h^'i ; ^^^ since the machines 
are similar, and therefore have equal efficiencies, the efficiency 
of each is \lw^w[.* 

§ 180. Field's Efficiency Test for Tramway Motors. 

The method last mentioned, which can only be carried out if 
two absolutely similar machines are available, has been used, 
with very satisfactory results, by M. B. FieldT for testing tram- 
way motors. Such motors are provided with series windings, 
and each motor drives a car axle through single-reduction spur 
gearing, consisting of a pinion on the motor shaft and a spur- 
wheel on the car axle. Owing to the use of gearing, the efficiency 
which is important from a practical point of view is the combined 
efficiency of motor and gearing. In order to find this combined 

* This result is onlj approximate, since the load on the motor is necessarily 
greater than that on the generator, and hence the losses and efficiencies are different 
in the two machines. 

t Jourrud of the Ifutitution of Electrical Engineers, vol. 31, p. 1,283 (1902). 
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efficiency, the motors are placed on a special testing frame, and 

geared to each other by means of one of the gear wheels actually 

used on the car axles. The electrical connections are as shown 

in Fig. 112, the letters VM denoting a voltmeter, and AM an 

ammeter. One of the machines runs as a motor, the other as a 

generator, and the field of the generator is connected in series mth the 

motor. Since, therefore, the field flux is the same in each case, 

and since the two armatures are constrained to run at the same 

speed, it follows that the losses taking place by hysteresis, eddies 

and friction in the two machines are equal. Let Yi be the p.d. 

across the motor terminals, and ii the motor current ; let Y2 be 

the p.d. across 

the generator 

armature, and t^ 

the generator 

current ; then 

since V2 1^ is the 

useful power 

developed by the 

generator, and 

Vi ii the power 

absorbed by the 

motor, it follows 

that Vi ti — V2 t2 

represents the 

total loss in the 

motor, plus the 




VM 







CNlRKTOHl 



^mWa/vw 



Fig. 112. — ^Field's efficiency test for tramway motors. 



loss in the generator armature. Now if h denote the losses due 
to resistances of motor field and armature (including brush con- 
tacts) and to resistance of generator armature and brush contacts, 
Vi ii— V2 i^—h gives the total loss in the two machines due to 
hysteresis, eddies and friction (including gear friction), and half 
this amount gives the loss in question occurring in each machine. 
If to this be added the resistance loss in the motor, we get the 
total loss w„^ in the motor and its gear, and from this its combined 

efficiency ^^Vr"^''* ' 
Viii 

A refinement due to E. Wilson* enables the diflference Viii — 

V2 12 to be determined with a higher degree of accuracy than is 

• JSlectrieal Review, vol. 53., p. 490 (1903). 
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attainable by a direct measurement of Y2 and ?2. This consists 
in introducing into the motor and generator circuits two equal 
standard resistances as shown, connecting them directly on one 
side, and through a milli-voltmeter on the other. From the 
milli- voltmeter reading and the known value of each resistance 
the difference i^ of the currents ?i — t'a is easily determined, and 
ii — id gives a relatively much more accurate value of i^ than that 
obtained by a direct reading. In the same way, an additional 
voltmeter is connected as shown between one of the generator 
brushes and the junction of the field coils, and if Vd is the reading 
of this voltmeter, Vi — Vd is used instead of the direct reading Va. 
Thus Vi n — (Vi — TdHh — id) is used instead of Vi ii — V2 12. 



MIXIUMIY QCNCRATOR' 



§ 181. Hopkinson's Efficiency Test. 

When dealing with machines above, say, 20 kilowatts the most 
satisfactory form of test is that generally known as the Hop- 

kinson test. This test 
requires two machines 
similar in every respect, 
and having their shafts 
mechanically coupled. The 
machines are also electri- 
cally coupled as shown in 
Fig. 118, and the field of 
one of them is slightly 
weakened so as to disturb 
the balance of the e.m.f.'s 
in the local circuit of the 
armatures and cause the 
desired current to circu- 
late between them. Both 
machines will be loaded, 
one as a generator, the other b^ a motor. It is evident that 
power must be supplied to the combination of the machines 
in order to keep them running, and that this power represents 
the sum of the losses in the machines. In the original 
Hopkinson test, the power was supplied mechanically, and 
its measurement presented a good deal of diflSculty. The 
arrangement shown in Fig. 118 is a modification of the 




Fia. 113. — Hopkin8on*s efficiencj test. 



CONTINUOUS CURRENT ENGINEERING. 186 

original Hopkinson test due to Kapp. The additional power 
required to keep the machines running is here supplied electri- 
cally by an auxiliary generator or secondary battery. If V is 
the p.d. across the terminals of the machines, i the generator 
current, and ii the current supplied to the motor by the external 
source, then V (i + ii) represents the total power absorbed by the 
motor. The two machines being nearly equally loaded, we may 
assume their efficiencies to be equal. If, then, x represents the 
efficiency of either machine, the brake-power of the motor is x V 
(i + ii). Since this also represents the mechanical power 
absorbed by the generator, the useful electrical power developed 
by the generator will be 2; a; V (i + ii) = 2;^ V (i + ii). But the 
useful power developed by the generator is also equal to V i. 
Hence 

x^Y(i + ii) = Vi, 



^ i + ii 



orx = \/--—r . . . .(1).* 

The great advantage of the method is that a full-load test may 
be carried out with an expenditure of power which is only a 
small fraction of the power required to drive either machine 
separately. This is due to the fact that the mechanical power 
developed by the motor is not wasted, but is transmitted to the 
generator, and a large portion of it, after transformation into 
electrical power by the generator, is returned to the motor. 
There is thus a circulation of power between the two machines. 

The Hopkinson test is particularly valuable in connection 
with very large machines, as the power available for the test 
is in Buch cases frequently quite insufficient to run either machine 
separately under full load. It has become the standard method 
of testing in all cases where two machines of the same size and 
type aVe available. 

The formula (1) which we have obtained for the efficiency is 
based on the assumption that each machine has the same effi- 
ciency. This will be the case if (the machines being quite similar) 
each machine is running under the same conditions as regards 
load and excitation. Now a reference to Fig. 118 shows that the 

* In deducing this formala, we have supposed that the loss in the ammeter 
introduced into the armature circuit and in the connecting leads is negligible. If 
necessary, this loss maj be taken into account. 
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motor is more heavily loaded than the generator, and that the 
motor field is slightly weaker than that of the generator. There 
being a difference in the load and excitation, the efficiencies will 
not be quite the same, and formula (1) will only give us the 
geometric mean of the two efficiencies. In the case of large 
machines, however, the difference of load will not be sufficient 
to affect the efficiency. But with small machines, whose efficiency 
is comparatively low, the percentage difference of load may be so 
great that the assumption regarding equality of the two efficien- 
cies is no longer legitimate, and the method breaks down. It 
may, however, be modified so as to be applicable to small 
machines as well. For this purpose, the machines are both 
fully excited, and the balance of their 6.m.f.'s is disturbed by 
introducing the necessary number of secondary cells into the 
armature circuit (in series, if necessary, with a low variable resist- 
ance for exact adjustment; the power lost in the resistance 
being taken into consideration in calculating the efficiency). 
The power required to keep the machines running is supplied 
mechanically (as in the original Hopkinson test), and in order 
to enable this power to be determined accurately, a small stan- 
dardised motor — i.e., one whose efficiency for various loads has 
been previously determined by brake tests — may be used for 
driving the coupled machines under test. The motor may be 
either direct-coupled or belted to the machines.* Half the total 
power supplied to the coupled machines | represents the loss in 
each, and enables us to determine the efficiency. 

§ 182. Hopkinson's Efficiency Test as Applied to 
Series-wound Machines. 

In the account of the Hopkinson efficiency test given in § 131, 
we have supposed the machines to be provided with a shunt 

• In order to find the loss in the belt approximately, the auxiliary motor is run 
light, and the power absorbed by it determined ; similarly, the machines under test 
are run light as motors, and the power absorbed by them is measured ; the sum s 
gives the power required to keep all three machines running light. The auxiliary 
motor is next belted to the two machines, and the power required to keep them 
running determined ; the difference between this and s gives, approximately, the 
loss in the belt. 

t Including the power supplied to the armatures by the cells ; this covers the 
heating loss in the armature windings and brush contacts. 
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winding. The same test may be applied to compound-wound 
machines, the series coils being cut out during the test, and only 
the shunt winding used. The loss which takes place in the series 
coils under normal conditions of running may be easily calcu- 
lated from the resistance of the coils and the current, and added 
to the other losses as found by the Hopkinson method when 
using the shunt winding only. A simple modification of the 
connections allows of the use of the Hopkinson method in the 
case of two similar series-wound machines, such as two large rail- 
way motors.* The arrangement of connections is shown in 
Fig. 114. The two machines are as before coupled mechanically 
(either directly, if the efficiency of the motors alone is required ; 
or through their gearing, if the combined efficiency of motor and 
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Fig. 114. — Hopkin8on*8 efficiency test as applied to series wound machines. 

gearing is in question). One of them — which runs as a motor — 
is connected directly across the supply mains. The other, which 
is to act as the generator, has its armature connected in series 
with the armature of a small auxiliary independently excited 
machine, termed a booster, which adds its e.m.f. to that of the 
generator and thereby enables it to supply current to the mains. 
The field of the generator is connected in series with an adjust- 
able resistance and then across the brushes of the booster arma- 
ture. The booster is driven by a small motor. The resistance 
in the generator field and the booster excitation are so adjusted 
that when the motor is taking full-load current from the mains, 

♦ MectHc Journal, vol. 3., p. 525 (1906). 
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the generator field is also supplied with full-load current. It is 
evident that the hysteresis, eddy- current and frictional losses are 
then equal in the two machines. The generator armature current 
will necessarily be less than the current taken by the motor, as 
the motor torque must exceed the generator torque, and hence 
with equal fields the motor current must exceed the generator 
armature current. Let V=p. d. across motor terminals ; ifn= 
motor current; Vp=p. d. across generator armature; i^ = current 
through generator armature. Then Vt,„ — V^f,, gives the sum of 
the total losses in the motor and generator, with the exception of 
the loss in the generator field. The calculation of the efficiency 
proceeds on the lines already explained in connection with Field's 
efficiency test (§ 130), and it is advantageous to obtain ig in the 
form ig=im — id, id being measured by a differential method as in 
§180. 

§ 188. Swinburne's Efficiency Test. 

Gases may arise where two machines are not available, and 
some other method of testing must then be resorted to, such as 
that originally suggested by Swinburne, which consists in 
measuring the losses, and calculating the efficiency from them 
and the known output of the machine. In this method, the 
machine is run light as a motor, with a p.d. across the brushes 
equal to the full-load e.m.f., the exciting current being adjusted to 
give the normal speed. The power u\ absorbed by the machine 
represents the hysteresis, eddy-current and frictional losses, and 
the heating loss in the shunt coils (the armature resistance loss 
is negligible ; or, if not negligible, may be allowed for). It is 
then assumed that these losses remain constant at all loads, and 
that the only increase which occurs in the losses as the load is 
increased is that due to heating of the armature coils and brush 
contacts. This loss may be calculated (§ 122) from the known 
resistances of the armature winding and brush contacts and the 
current ; let it be represented by a. If V is the p.d. and i the 
current delivered by the machine when running as a generator, 
the efficiency is 

Vi 
\i-\- Wo-\-a 

Convenient as this method is, it is, unfortunately, not quite 
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reliable. For the hysteresis and eddy-current losses at full load 
are not the same as, but are in general greater than, those at no 
load, owing to the field distortion brought about by armature 
reaction (§ 125). 

The following table represents the approximate full-load effi- 
ciencies which are obtainable with machines of modern design : — 

Output in kilowatts ... -5 1-0 2-0 3 5 10 20 50 100 500 1,000 2,000 
Percentage efficiency 62 70 76 80 83 85 87 89 90 93 94 95 



§ 184. Determination of Temperature Rise. 

A very important part of the complete test of a machine is the 
determination of the temperature rise. Two methods of measur- 
ing the rise are available. One of these consists in using a ther- 
mometer whose bulb is applied to the surface (armature or field 
coil) whose temperature is required, the bulb being covered with 
some waste or cotton wool to prevent loss of heat by radiation. 
The second method is that in which the temperature rise is calcu- 
lated from the increase of resistance of the winding. If ro is the 
resistance of the winding at O^C, and if ^i, ^, be the temperatures 
respectively of the room in which the test is being carried out and 
of the winding when the maximum temperature (after a suffi- 
ciently long run) has been reached, the corresponding resistances 
ri and r^ of the winding are given by 

n = 7o (1 + a ti) 
and ?-a = ^o (1 + « ^), 
a being the temperature coefficient of resistance. Dividing the 
first equation by the second, we obtain 

r2 1 + a '2' 
which gives ^ = ^^ "" ^^ + - «i, 

a 7*1 n 

so that f2 - ^1 = (- - 1) ("^ + «i). 
If the temperatures be measured on the Centigrade scale a = 
•004, and — = 250, so that the required temperature rise ^ — - <i 

a 

is given by 

f. - '1 = (^ - 1 ) (250 + h). 
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ri being the resistance at the commencement and ra that at the 
end of the test. 

It must be carefully noticed that whereas the thermometer 
method only gives us the surface temperature rise of the winding, 
the increase of resistance method gives the mean temperature rise 
of the entire winding, which is necessarily higher than the surface 
rise. The increase of resistance method is far superior and 
capable of a much higher degree of accuracy than the thermo- 
meter method, and is being very generally adopted. Owing to 
the higher values given by this method, a greater temperature 
rise should be permitted when the method is specified, so that, 
instead of the 35^ to 45° G. temperature rise as measured by the 
thermometer, a rise of 50° to 60° C. may be allowed in the case 
of the increase of resistance method. 



Examples. 

1. The resistance of the armature winding of a 1,600-kilo- 
watt, compound-wound, 600- volt , generator is '0042 ohm at the 
working temperature; the resistance of the shunt winding 
which is connected across the terminals is 58 ohms ; and that 
of the series winding is '00076 ohm. The brush contact drop is 
2*5 volts. Find the electrical eflSciency of the generator. 

2. In a Soames brake, the distance of the point of suspension 
of the weight from the knife-edge is 15f inches. If the weight 
is 16 lbs., and the motor speed 800 revolutions per minute, what 
is the brake horse-power of the motor? 

8. The resistance of the armature winding (exclusive of brush 
contacts) of a tramway motor is '45 ohm, and that of its 
(series) field winding *50 ohm, both resistances being measured 
at the working temperature. The brush contact drop amounts 
to 2*5 volts. Two such motors are connected up for a Field's 
efiiciency test (§ 123). With a current of 50 amperes supplied 
to the motor at a p. d. of 490 volts across its terminals, the 
speed is found to be 420 revolutions per minute, and the 
generator armature is found to give a current of 40 amperes at 
a p.d. of 420 volts across the brushes. Find the combined 
efficiency of a motor and its gearing when the motor takes a 
current of 50 amperes at 520 volts, assuming as an approxima- 
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tion that the sum of the hysteresis, eddy current, and frictional 
losses is proportional to the speed. 

4. Two machines are coupled as in the Hopkinson test (§ 124). 
With a p.d. of 240 volts across the terminals, the local current 
circulating between the armatures is adjusted to 100 amperes, and 
it is then found that the auxiliary generator supplies a current of 
82'1 amperes. Find the efficiency of each machine. 

5. The resistance of the armature winding (exclusive of brush 
contacts) of a 800-kilowatt, 500-volt, shunt-wound dynamo is 
'0136 ohm, the resistance of the shunt winding being 250 ohms. 
The brush contact drop amounts to 2 volts. When the machine 
is run light as a motor at its normal speed and a p.d. across its 
brushes equal to the full-load e.m.f., the armature is found to 
take a current of 27*8 amperes. Find approximately the 
efficiency of the machine. 
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§ 186. Bosenberg's constant-carrent dynamo and its practical applications — 
§ IM. Description of 400-kilowatt turb j-generator. 



§ 185. Rosenberg's Constant-current Dynamo and 
its Practical Applications. 

For certain purposes — as, for example, for train lighting, 
running arc lamps in series, or supplying single arc lights — 
dynamos are required capable of maintaining an approximately 
constant cuirent in spite of any variations in the resistance of the 
external circuit or in the speed at which the dynamo is driven. 
Some of the earliest forms of dynamos, intended for series 
systems of arc lighting, were of this type. In what follows we 
propose giving an account of a very recent type of constant 
current dynamo^ invented by E. Rosenberg, and extensively used 
for train lighting as well as for some other purposes.* 

The essential feature of this machine is the method by which 
tlie field flux is automatically varied in such a manner as to 
maintain the current in the external circuit approximately con- 
stant between certain limits of speed and load. The field magnet 
cores and yoke are of relatively small cross-section, and are 
" saturated '' under normal conditions of working. The field 
magnets do not, however, as in ordinary machines, provide the 
useful flux which generates the working e.m.f. in the armature, 
but merely serve to produce an auxiliary flux by means of which 
the exciting current required for the main field is generated in 
the armature itself. The arrangement will be understood by 
reference to Fig. 116, which shows a four-pole machine of this 
type. The brushes which make contact with the conductors at 
ai, oa, os, &c., and which, in dynamos of ordinary construction, 

• Mektrotechnische ZeiUchrift, vol. 26, p. S93 (1905), and vol. 27, p. 1035 
(1906) ; see also 7^ EUctrician, vol. 66, p. 297 (1905), and vol. 58, p. 372 (1906). 
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are in connection with the external circuit, are in this machine 
short-circuited, all the positive and negative brashes being con- 
nected together. The short-circuit current so produced gives rise 
to a powerful cross-flux (§ 87), and it is this cross-flux that con- 
stitutes the rruiin fliix which generates the useful e.m.f. of the 
machine. The short-circuit current plays the part of the exciting 
cmrent. In order to utilise the cross-flux, which (§ 87) is 
displaced relatively to the auxiliary flux by half a pole-pitch, 
additional sets of brushes, arranged so as to make contact with 
the conductors at ?mi, m^, &c., are provided, and these brushes 
form the main brushes of the machine, being in con/iection with 
the external circuit. In Fig. 115, the auxiliary flux provided by 
the field is indicated by the chain-dotted lines, while the useful 
or cross-flux is 
shown by the 
dotted lines. 

At first sight, 
the arrange- 
ment described 
would seem to 
be unnecessarily 
complicated, 
since the main 
flux could be 
obtained directly 
by means of the field winding, as in ordinary machines. But 
it is precisely to this special arrangement that the machine, as 
will be seen presently, owes its remarkable properties. 

In a dynamo of tha usual type, the effect of short-circuiting 
the brushes when the full field excitation is maintained would be 
disastrous, as the enormous currents produced in the armature 
would in a very brief interval of time destroy the insulation by 
raising the conductors to a very high temperature, and finally 
even melting them. It is evident that this danger must be 
guarded against in the Bosenberg dynamo, and in cases where it 
is likely to occur fuses are employed for automatically opening 
the connection between the positive and negative auxiliary 
brushes (i.e. the brushes at oi, 02, &c., in Fig. 115). The auxiliary 
flux must be extremely weak in order to prevent the short-circuit 
current from rising above the limit of safety. On the other hand, 
o.o.B. 




*3 

Fio. 115. — Rosenberg's dynamo. 
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the cross-flux must be sufficiently powerful to generate the e.m.f . 
required for the main circuit. This accounts for the peculiar 
proportions of the machine shown in Fig. 115, which is an actual 
scale drawing.* It will be noticed that the yoke ring and field 
cores, which are only called upon to carry the auxiliary flux, are 
comparatively slender ; while, on the other hand, the pole-pieces, 
which have to carry the cross-flux, are very massive. 

It has already been mentioned that the Rosenberg dynamo is 
used for a variety of purposes, and the exact arrangement of the 
windings depends on the particular use to which the machine is 
to be put. Pne of its earliest applications was to train lighting, 
and we shall first consider the arrangements adopted in this 
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Fig. 116. — Connections of train lighting dynamo. 

case. The dynamo is arranged to be driven by belt from a 
pulley mounted on one of the carriage axles. Since the supply 
of current must be maintained while the train is at rest, and 
since the dynamo is not then running, a battery of secondary 
cells is provided. A complete diagram of connections is shown 
in Fig. 116. The battery supplies current to the field winding, 
which provides the auxiliary flux. As soon as the dynamo is 
started the short-circuit current between the auxiliary brushes 
^u (hj gives rise to a cross-flux, and an e.m.f. is generated by this 
cross-flux which may be utilised in the main circuit by means of 
the main brushes wi, mg. 

One remarkable feature of such a machine will now become 
evident. Since the direction of the short-circuit current, and 

* Except as regards the air-gap, which is shown exaggerated. 
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hence of the cross-flux, depends on the direction of rotation, 
a reversal of the rotation will be accompanied by a simultaneous 
reversal of the cross-flux, and the e.m.f. obtainable through the 
main brushes mi, wia, will always have the same direction, inde- 
pendently of the direction of rotation. Thus the polarity of the 
main brushes remains unaltered if the direction of motion be reversed. 
With gradually increasing speed, the e.m.f. due to the cross- 
flux increases, rapidly at first, then more slowly, and when it 
rises above that of the battery, the dynamo begins to charge the 
battery and supply current to the lamps and to its own field coils. 
Above a certain speed the current will increase extremely slowly 
with increase of speed. This is due to the fact that the current 
flowing between the brushes mi, ma, exerts an extremely powerful 
demagnetising effect on 
the auxiliary flux, the 
position of the brushes 
mi, mg, being such that 
the demagnetising efliect 
is as great as it is possible 
to make it (§ 87). The 
ampere-turns on the 
armature corresponding 
to the main current '^^s per minute-^ 

directly oppose the field ^^^- 117.-Relation connecting current 

. -] . with speed. 

ampere-turns, and smce ^ 

the former increase in direct proportion to the current, while the 
latter increase only very slowly (the voltage across the battery 
terminals varying between comparatively narrow limits), it 
follows that the auxiliary flux will steadily decrease with increas- 
ing speed and current. It is obvious that there must be a 
definite limit to the main current, no matter how high the speed ; 
this limit would be reached when the demagnetising ampere- 
turns on the armature due to the main current became nearly 
equal to the field ampere-turns, since in that case the auxiliary 
field would become indefinitely small, and the speed would have 
to increase indefinitely in order to provide the necessary short- 
circuit current which supplies the cross-flux. 

The behaviour of the main and short-circuit currents is repre- 
sented graphically in Fig. 117. It will be seen that the short- 
circuit current steadily decreases with increasing speed; this 

2 
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shows that, owing to the demagnetising effect of the main 
current, the auxiliary flux changes more rapidly than in pro- 
portion to the reciprocal of the speed.* The auxiliary flux under 
normal working conditions is extremely weak, and does not 
exceed some 10 per cent, of the flux produced by the field 
winding when the machine is at a standstill. 

The object of the deep slots in the middle of the pole-pieces, 
shown in Fig. 115, is to secure symmetry of the field with 
reference to both directions of rotation. 

In order to prevent a short circuit of the battery by the arma- 
ture of the machine when the train is at rest or moving at a very 
slow speed, a reverBe-current cut-out is inserted. The special form 
of cut-out actually used for this purpose is a so-called aluminium 

cell or rectifier (sometimes also 
termed electrolytic valve). This 
consists of two metallic plates, 
one of which is of aluminium (or 
some aluminium alloy), and the 
other of some other metal (iron), 
immersed in a suitable electro- 
lyte. So long as the aluminium 
is used as the cathode the current 
passes freely through the cell; 
a reversal of current, however, 
by coating the surface of the 
aluminium plate with a thin 
non-conducting layer of oxide, practically insulates it and stops 
the current. The best results have been obtained by using a 
solution of ammonium borate as electrolyte, t • 

When a machine of this type is required for supplying a single 
large arc light (such as those used in search-light projectors), the 
arrangements are modified as shown in Fig. 118. The field now 
carries a series winding. The machine would in this case be 
driven at an approximately constant speed, and it possesses the 
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Fig. 118. — Arc lighting machine. 



• If the auxiliary flux varied inTeraely as the speed, the short-circuit current 
would obviously remain constant. 

t Various other solutions, such as ammonium bicarbonate and ammonium 
phosphate, have been used as electrolytes. The ammonium borate solution is 
prepared by dissolving 500 grammes of crystallised boric acid in 10 litres of water, 
and adding 1 litre of ammonia, of density *91. 
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characteristic of being able to maintain the current at an approxi- 
mately constant value in spite of changes in the length of the 
arc. The exact shape of the characteristic curve of such a 
machine will depend on the ratio of the ampere-turns in the 
series field coil to the ampere-turns on the armature due to the 
main current. The former ampere-turns oppose the latter, the 
value of the auxiliary field depending on their difference. The 
larger the number of field-turns, the greater will be the auxiliary 
flux, and the larger the current 
for a given external resistance. 
The exact effect desired may be 
obtained by placing a variable 
shunt across the series coil, and 
adjusting it by trial to give the 
required result. In Fig. 119 are 
shown two characteristics, the 
full-line curve corresponding to 
the case in which the entire 
current is allowed to flow through 
the field coil, while the dotted 
curve shows the effect of divert- 
ing part of the current through a 

shunt connected across the coil. Among the great advantages 
connected with the use of such a machine are the possibilities of 
doing away with all steadying resistances (§ 160) and of bring- 
ing the carbons into contact, thereby short-circuiting the machine, 
without any risk of overloading it or the motor or engine employed 
to drive it. So far, indeed, from causing ah overload, the striking 
of the arc absorbs less power than that required to maintain the 
arc when the carbons are at their normal distance apart. 




current- 



Fig. 119.— Chai-acteristicB of 
Rosenberg's dynamo. 



§ 136. Description of 400 kilowatt Turbo- 
generator. 

Within recent years, owing to the great development which 
has taken place in steam turbines, a demand has arisen for 
generators designed to run at speeds greatly in excess of those 
hitherto ordinarily in use. Such high-speed generators, intended 
for direct coupling to turbines, are spoken of as turbo-generators. 
Their design presents numerous difficulties, partly electrical, 
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partly mechanical. The description given below refers to a 
400-kilowatt turbo-generator, constructed by Messrs. Crompton 




& Co., Ltd., of Chelmsford,* from the designs of Messrs. C. A. 
Parsons & Co. 

The machine is designed to give 400 kilowatts at from 500 to 
550 volts when running at a speed of 3,000 revolutions per minute. 

* To whom the author is greatly indebted for full particulars of this machine. 
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Owing to the high speed, the 
hysteresis and eddy-current losses 
in the armature would become 
prohibitive for ordinary values of 
the gap induction if the machine 
were multipolar. It is for this 
reason that the two-pole construc- 
tion is used. The general appear- 
ance of the machine is shown in 
Fig. 120. The two field cores or 
poles are arranged horizontally, 
and form parts of the yoke cast- 
ings. Surrounding the armature 
are to be seen the projecting 
ends of the conductors which are 
applied to the pole-shoe surfaces 
and which form the compensating 
vdnding intended to neutralise 
armature reaction. The brush 
lead may be varied by means of 
the long screw seen in the illus- 
tration, which is provided with a 
hand-wheel at the top and enables 
the two split rings supporting the 
brush spindles to be rotated inside 
their supporting guide-rings. 

Besides the two-pole field, there 
is another very striking difference' 
between the turbo-generator under 
consideration and a machine of 
the ordinary type. This consists 
in the abnormally great length of 
the armature. The reason for this 
is not far to seek. Owing to 
the extremely large centrifugal 
stresses which come into play 
at turbine speeds, it is not safe, 
even when using the very best 
materials and the most solid form 
of construction, to increase thQ 
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armature diameter above a certain limit. Any further increase 
in the output of the armature can therefore only be obtained by 
increasing its length. In machines of ordinary construction, on 
the other hand, it is usual to increase the diameter as the output 
increases. 

As shown in Fig. 121, the entire armature core is traversed 
by numerous longitudinal ventilating ducts of cylindrical form. 

The end-plates which terminate the armature core are pro- 
vided with beechwood projections or drivers which engage the 
bottom layer of the projecting ends of the conductors, and so 
prevent any possibility of their slipping on the surface of the 
core. The winding pulley supporting the conductors at the 
commutator end is also provided with sheet brass drivers 
caulked into the pulley. These drivers have an external depth 
equal to that of the double layer of conductors, so that they 
engage both layers. 

The winding pulley at the driving or coupling end of the arma- 
ture is, as shown in Fig. 121, provided with an end-plate having 
an overhanging rim, and into the channel so formed may be 
fitted shorter or longer segments of a ring originally turned to 
fit the channel and then cut into segments of the desired length. 
By fixing segments of suitable length in suitable positions in the 
channel, accurate balance of the armature may be secured. The 
balancing weights or segments are fixed in position by means of 
countersunk screws. Similar arrangements for balancing are 
provided on the two extreme steel rings which serve to bind 
together the commutator segments. 

The construction of the commutator illustrates another diffi- 
culty peculiar to this type of machine. Owing to there being 
only two poles, the current must be collected by two brush sets 
only, and this necessitates the use of an abnormally long 
commutator in order to obtain the necessary area of contact. 
The long commutator segments are not strong enough mechani- 
cally to withstand the tendency to bulge outwards due to 
centrifugal stress, and as a consequence it becomes necessary to 
use steel rings to stiffen them. The details of the commutator 
construction will be understood by reference to Fig. 121. The 
segments are of hard-drawn copper, each segment being on one 
side provided with two shallow grooves intended to indicate the 
safe depth to which the wear of the commutator may be allowed 
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to take place. The insulation 
between the segments consists as 
usual of mica. The segments 
are held together by three steel 
binding rings, which are shrunk 
on over insulating rings of mica. 
The commutator is supported on 
the shaft by means of two gun- 
metal cones, from which it is 
insulated by conical rings of 
insulation. 

The two end rings on the 
commutator are provided with 
channels along their inner sur- 
faces intended to receive the 
balancing weights. The seg- 
ments of a divided ring may be 
slipped sideways and then out- 
wards into the channel, and 
secured in position by means of 
screws. By using longer or 
shorter segments, and varying 
their position as required, very 
accurate balance may be obtained. 

There are no joints between 
the armature conductors at the 
driving end, as the cables may 
be bent to the required shape 
without necessitating any joints. 
At the commutator end, the joints 
between the top and bottom con- 
ductors and the connectors to the 
commutator are carried out by 
means of gun-metal couplings. 
The connectors consist of short 
lengths of flexible cable whose 
lower ends are soldered into 
sockets or lugs which end in 
plates, the plate portion of the 
lug fitting into a saw-cut at the 
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end of the segment, to which latter it is riveted and soldered 
with hard solder. 

Carbon brushes have not been used to any large extent in the 
case of turbo-generators. They necessitate the use of very large 
commutators, and give rise to excessive f rictional loss. Hence in 



:XIBLC CONDUCTOR 



SPRING 




Fig. 122. — Gravity brush gear of turbo-generator. 



most cases metal brushes have been employed. In the machine 
under consideration, the brushes are made of brass wire gauze, 
and are held in heavy holders of the " gravity " type shown in 
Fig. 122. The holder is so designed that its own weight furnishes 
the necessary pressure between the brush and commutator, and 
owing to the large mass of the holders there is little danger 
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of vibration. The commutator surface is not smooth, but serrated 
by having a number of equidistant grooves (six per inch) cut 
in it. 

The field-magnet system is shown in Fig. 123. The lower 
part of the yoke is formed by the cast-iron bed-plate, bolted 
to which are the two steel castings forming the poles and the 




upper part of the yoke. These cast- 
ings are shown separately in Fig. 124. 
The poles are cyhndrical, and each 
pole is pierced with four holes for the 
long bolts supporting the cast-steel 
pole-shoes. Each pole-shoe is made 
in two parts. The lower portions of 
the pole-shoes are supported by brass 
columns bolted to the bed-plate, and in- 
terposed between the edges of the pole- 
shoes are brass distance-pieces above 
and below the armature, as shown in 
Fig. 128. At each end the machine 
is fitted with end covers of sheet brass. 
The shunt winding surrounding each pole is divided into five 
coils, separated from each other by distance-pieces of wood so 
arranged as to secure good ventilation. The remaining sixth 
section in the winding space — the uppermost one nearest the 
pole-shoe — contains the series coil of the compound field wind- 
ing. The field coils are beld against the yoke casting by 



Fig. 124.— Yoke and 
field core castings. 
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means of brass clips supported by wood blocks and bolted to 
the yoke. 

A very important feature of the machine is the Parsons com- 
peiisating winding embedded in the polar surfaces and also 
occupying the interpolar spaces. The object of this winding is 
to neutralise completely armature reaction, and so facihtate 
sparkless running. This is all the more important because, 
owing to the use of metal brushes, the high resistivity of the 
brush contact characteristic of carbon brushes is no longer avail- 
able for dealing with the sparking diflSculty. The compensating 
winding forms a cylindrical belt of conductors completely surround- 
ing the armature, and neutralising the magnetic effect due to the 
armature current. In the interpolar spaces, this winding is 
supported between wooden teeth, as shown in Fig. 128, and is 
clamped in position, together with the wooden teeth, by means 
of steel plates bolted to the brass distance-pieces between the 
pole-shoes. Along the pole-shoe surface, the winding is held in 
place by means of iron teeth. These teeth fit into recesses cut 
in the pole-shoes. The compensating winding having been 
placed in position, the teeth are inserted and bolted to the 
pole-shoes by means of clips. This method of securing the 
compensating winding is the invention of C. A. Parsons and 
G. Stoney and it is in some ways better than that in which 
the conductors have to be threaded through holes in the pole- 
shoes. 

The bearings of turbo-generators are of special construction. 
The arrangement most commonly used, due to Messrs. C. A. 
Parsons & Co., consists in placing a number of coaxial bushes 
or tubes of bronze around the journal, these tubes fitting loosely 
over one another, and being perforated by a number of radial 
holes through which oil can pass from one to another. The effect 
of the film of oil between these tubes is to damp out any vibra- 
tions that might occur due to the high speed. Oil under pressure 
is supplied to bearings of this form by a small oil-pump. 
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§ 187. Secondary cells and their advantages — § 188. Chemical changes during 
charge and discharge — § 189. Physical changes during charge and discharge — 
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resistance — § 144. Rules for maintaining secondary battery in efficient work- 
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cells— § 146. Weight and cost of secondary cells — § 147. Buffer battery — 
§ 148. Use of buffer battery with shant-wound generators — § 148. Use of 
buffer battery with compound-wound generator. Reversible automatic booster 
— § 160. Pirani booster— § 161. Highfield booster— § 168. Crompton-Maclntosh 
booster — § 168. Entz carbon controller for reversible booster — Examples. 

§ 137. Secondary Cells and their Advantages. 

In connection with almost every continuous current generating 
station, accumulators or secondary cells are used. Such cells pro- 
vide a convenient reservoir of energy, which may be made to 
serve a variety of useful purposes, thereby offering a number of 
advantages, among which the more important are: (1) the 
possibility of entirely shutting down the plant, and so saving 
running expenses, during the hours when the demand for current 
is very small ; (2) the possibility of reducing the size and cost 
of the generators by allowing the accumulators to discharge in 
parallel with them during the period of heaviest load ; (8) the 
possibility of maintaining the continuity of supply in spite of a 
temporary complete shut-down of the generating machinery caused 
by some sudden breakdown. 

By a secondary cell, storage cell, or accumulator, is meant an 
appliance which enables us to effect the transformation of 
electrical into chemical energy, and the subsequent re-trans- 
formation of the chemical energy into electrical energy. Although 
there are endless combinations which may be made to perform 
this double transformation, commercially only one type of cell 
has attained to great importance. This is the lead secondary 
cell, which consists essentially of two sets of lead plates coated 
with '' active material " and immersed in a solution of sulphuric 
acid in water. The active material which forms the coating of 
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the plates undergoes cyclical chemical changes the nature of 
which is explained below. 

The important part played by the lead secondary cell in 
modern continuous current engineering practice is due mainly 
to the following important characteristics possessed by this type 
of cell : (1) its extremely low resistance ; (2) the remarkable 
constancy of its 6.m.f . (about two volts) daring the greater portion 
of the discharge ; (8) reasonable efficiency (about 75 per cent, 
under average favourable conditions of working). 

§ 138. Chemical Changes During Charge and 

Discharge. 

In a secondary cell which has been discharged, the " active 
material " on both sets of plates consists largely of lead sulphate. 
This sulphate is not the ordinary white sulphate represented by 
the formula F&SO^, a substance which is practically non-con- 
ducting and which cannot be readily split up by electrolytic 
means — but some more complicated compound containing a larger 
proportion of lead than corresponds to the above formula. 
Since, however, the exact composition of this compound is 
unknown, we shall use the simple formula P&SO4 to denote it 
in representing by means of chemical equations the main chemical 
changes which take place daring the process of charging. 

The plates by which the charging current enters the cell, and 
which therefore form the anode during the charge, are termed 
the posiiioe plates ; the other plates, which during charge form 
the cathode, are termed the negative plates. The electrolyte 
consists of sulphuric acid, and is split up by the current into 
its ions, Ha and SO4, the latter appearing at the anode, and the 
former at the cathode. The following reactions then take place : — 

(1) At the positive plates, SO4 + P6SO4 + 2 HaO = PM), + 
2 H^SO^. 

(2) At the negative plates, H, + P6SO4 = P6 + US^O^. 

At the end of the charge, therefore, the positive plates are 
coated with a layer of lead peroxide^ P&O9, and the negative 
plates with a layer of metallic lead in a fine state of division, 
or spongy lead. 

If the cell is allowed to discharge, the current flows through it 
in the reverse direction, the positive plates acting as cathode, 
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and the negative ones as anode. Hence the hydrogen resulting 
from the electrolysis of the sulphuric acid now appears at the 
positive plates, and the SO4 at the negative plates. The following 
reactions take place during discharge : — 

(1) At the positive plates, Ha + PftO. + HsSO* = P6SO4 + 
2H,0. 

(2) At the negative plates, SO4 + P6 = PfeSO^. 

The above equations must be regarded as merely conveying 
a very rough idea of the main reactions which take place in a 
secondary cell. 

As the charge is nearing completion, the amount of P&8O4 to 
be oxidised on the positive plates, and the amount of P&SO4 to 
be reduced at the negative plates, become so small that they are 
insufGicient to absorb all the ions liberated at the plates. Hydro- 
gen begins accordingly to be given ofif at the negative plate 
and oxygen at the positive plate, bubbles of gas rising to 
the surface and then bursting, with the production of spray. 
This free evolution of hydrogen and oxygen is spoken of 
as the gassing, of the cell, and is an indication of the 
completion of the charge. The production of the spray is 
frequently a troublesome matter, as the spray is strongly acid, 
and attacks any metal-work (other than lead) in its neighbour- 
hood. Hence all connecting cables, couplrng-bolts between con- 
secutive cells (if not made of lead), &c., must be carefully 
protected against corrosion by the acid spray by coatings of anti- 
sulphuric enamel, vaselineor other suitable substances not attacked 
by sulphuric acid. The amount of spray produced may be 
reduced by placing thin glass plates in an inclined position on 
the top of the lead plates in the cell. These glass plates are 
partly immersed in the electrolyte, so that the bubbles rising 
through the liquid on reaching the under surf ace of the glass plate 
have to travel slowly upwards, coalescing and forming larger 
bubbles, and thereby reducing the amount of spray produced 
when the surface of the liquid is reached. 

§ 139. Physical Changes during Charge and 
Discharge. 

Corresponding to the chemical changes taking place in the 
cell we have certain characteristic physical changes going on 



CONTINUOUS CURRENT ENGINEEIlINa. 



209 




OISCHARGC 



rs 



fO 



daring the process of charge and discharge. One of these 
consists in the periodic fluctuations in the density of the electro- 
lyte. The reason of these fluctuations will be at once evident 
from the chemical equations given in § 188, from which it will 
be seen that during charge there is production of sulphuric acid 
at both sets of plates, the SO4 groups which become detached 
from the plates entering the electrolyte as HaSO^. Thus the 
density of the acid rises during charge. Similarly, it will be 
seen that the density falls during discharge, some of the acid 
being withdrawn from the solution to form PiS04 on the plates. 
It is evident 
that the upper 
and lower limits 
for the density 
will depend on 
the total 
amount of acid 
present. The 
volume of the 
acid relatively 
to the size and 
number of the 
plates varies to 
some extent in 
different types 
of cell, but 1-190 
and 1-210 may 
be taken as 

representative values for the density at the end of a discharge 
and charge respectively. 

Closely connected with changes of density are the changes taking 
place in the e.m.f. and p.d. of a cell. It has been shown by 
Gladstone and Hibbert* that the e.m.f. yielded by a given set of 
plates depends on the density of the acid, and that it increases 
with increase of density. From this it follows that the p.d. of a 
cell will rise and fall with the density of the acid. Hence there 
should be a progressive increase of p.d. during charge, and a 
progressive decrease during discharge. That such is actually 
the case will be seen by reference to the curves in Fig. 126, 

• Journal of the Institution of Electrical ^htgiveen, yol. xxj,, p. 412 (1898). 
C.G.B. F 
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which represent the typical behaviour of a cell during charge and 
discharge. 

If the electrolyte were always maintained at a uniform density 
throughout, then since the mean density during charge is the 
same as that during discharge, we should expect the mean e.m.f. 
to be about the same during charge as during discharge, so 
that the mean p.d. during charge would exceed that during 
discharge by only the small amount corresponding to twice the 
resistance drop in the cell. Such, however, is not the case, 
and the average e.m.f. is found to be considerably higher during 
charge than during discharge — in spite of the fact that the 
average density of the electrolyte is the same in both cases. 
This result is easily explained by the fact that the density 
does not remain uniform, there being considerable local varia- 
tions of density in the neighbourhood of the plates. During 
charge, acid is produced (§ 188) at both sets of plates, and 
hence the layer of acid in contact with the plates is of higher 
density than the bulk of the electrolyte — causing the e.m.f. to be 
higher than that corresponding to the mean density of the 
entire mass of electrolyte. Similarly, during discharge, acid 
is absorbed at the plates, and the layers in immediate contact 
with them become impoverished in acid and lower the e.m.f. 
These local changes in the density also account for other 
observed facts. Thus, during the initial stages of the charge, 
the p.d. is found to rise comparatively rapidly (Fig. 125) : 
this is due to the rapid formation of a layer of denser acid 
around the plates ; when a certain density has been reached 
by this layer, however, convection and diflfusion come into 
play, and prevent any further rapid rise in the density — the 
e.m.f. then rising slowly. Again, it is observed that when the 
circuit is broken on the completion of the charge, there is a 
very rapid drop in the e.m.f., even if the cell is allowed to 
remain an open circuit: this drop is accounted for by the 
rapid diffusion of the very dense acid covering the plates into 
the less dense surrounding portions of the electrolyte. 

When a cell begins to gas, indicating the completion of the 
charge, its p.d. may be from 2'5 to 2*7 volts. A reference to the 
charge curve of Fig. 125 shows that shortly before the completion 
of the charge the p.d. begins to rise xnuch more rapidly than it 
did during the greater portion of the charge. This increase in 
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the rate of rise is due to the change in the nature of the chemical 
reactions taking place in the cell — the oxidation and reduction 
of the active materials giving place to the liberation of oxygen 
and hydrogen. 

The discharge of a cell tnust he regarded as having been completed 
when the p.d. has fallen to 1'8 volts. Any attempt to discharge 
the cell below this limit causes a very rapid further drop in the 
p.d., and results in permanent damage to the cell. This point is 
of extreme importance, and should be carefully borne in mind. 
Even when the p.d. has dropped to 1*8 volts, there is a large 
amount of peroxide remaining on the positive plates, and a large 
amount of spongy lead on the negative plates. But if the dis- 
charge be continued below this limit, a non-conducting layer of 
the white sulphate of lead is formed on the plates which is 
very difScult to get rid of. The formation of this non-conducting 
sulphate, which resists electrolytic action, is technically known as 
the ** sulphating " of the cell. Sulphating also occurs if cells 
are allowed to stand inactive for any considerable period of time, 
and takes place very rapidly if the cells are left in a discharged 
condition. 

Another noticeable physical change which takes place in the 
cell during charge and discharge is that in the colour of the plates. 
In a discharged cell, the positive or peroxide plates are of a 
reddish brown colour, and the negative of a whitish grey. As 
the charge proceeds, the colour of the positive plates deepens 
to a dark rich chocolate- brown, while the negative plates lose 
their whitish colour and assume a deeper grey having a 
metallic lustre. Although the colour is not always a reliable 
guide, yet as a rule the state of a cell as regards the amount of 
charge contained in it may to some extent be judged by the 
colour of its plates. 

§ 140. Capacity of Secondary Cell. 

By the capacity of a secondary cell is meant the number of 
ampere-hours which it is capable of supplying during a single 
discharge under given conditions. The capacity of a cell is a 
highly variable quantity, depending not only on the rate of 
discharge — i.e,, the discharging current — but also on the tem- 
perature and the previous history of the cell. The capacity 
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decreases somewhat rapidly with increasing discharge current, as 
will be seen from Fig. 126, which shows the relation connecting 
these two quantities. Temperature has a very marked effect on 
the capacity, which increases rapidly with rise of temperature. 
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Fio. 126. — Relation connecting capacity with rate of discharge. 

Thus, in a case investigated by Heim*, a rise of about 80^ G. in 
temperature increased the capacity by 80 per cent. 

The capacity of a cell steadily decreases in course of time. 
Bapidly decreasing capacity under normal working conditions is 
a sure indication that the battery is deteriorating, and that it 
requires careful examination. 

§ 141. Defects of Secondary Cells. Types of Plates. 

The great variety of constructions to be found in different types 
of lead secondary cells is due to attempts to deal with the various 
difficulties which have been experienced in the practical working 
of such cells. These difficulties may be briefly enumerated 
as follows: buckling of the plates; loss of active material by 
gradual disintegration of the plate, the material becoming 
detached from its metallic support and dropping to the bottom of 
the cell ; and internal short-circuiting of the cell either by direct 

• EUhtrotechnUche ZeiUchr\ft, vol. xxii., p. 811 (1901) j see also Hibbert, 
Metrical Bedew, vol. l, p. 888 (1902). 
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contact of the plates brought about by buckling, or by the forma- 
tion of conducting bridges consisting of particles of active 
material which have become wedged between the plates. 

It is usual to divide secondary cell plates into two great classes. 
To the first class belong plates of the Plante type.* In this type 
of plate, the layer of active material is formed from the plate 
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Fig. 127.— Types of Plan td plates. 

itself. In the original Plante cell two plain plates of lead were 
taken, and the necessary depth of active material was obtained 
by repeated charges and discharges in opposite directions with 
intervening periods of rest, it having been found that the depth 

• Gaston Plants was the in Ten tor of the lead secondary cell ; he carried out 
numerous researches with metals other than lead, and was finally led to adopt this 
latter metal as by far the most suitable for a secondary cell. 
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of the active layer was thereby gradually increased. This pro- 
cedure, known as the forming of the plate, is costly, and is 
frequently modified nowadays. The initial production of the 
active layer on a Plants plate may be accomplished partly by 
chemical means,* and then completed electrolytically during the 
first charge, when the plate is said to he^ formed A The actual 
depth of active material on a Plants plate is in all cases relatively 
small, and the desired capacity is obtained by increasing the 
eflfective area of the plate rather than the depth of the active 
layer. To this end, the surface of the plate is deeply grooved, 
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Fig. 128. — Types of grid for pasted plates. 

or the plate is built up of thin strips or wires of lead, which give 
a large area of contact with the electrolyte as compared with the 
apparent area of the plate. Some of these modes of construction 
are illustrated in Fig. 127. 

The second type of plate is the pasted or Faure plate. In this, 
the active material forms the bulk of the plate, the metal portion 
of which usually consists of a very light open framework, in the 
form of a more or less complicated giidy the openings of which 

• The surface of the plate may be attacked by boiling it in dilute nitric acid 
and allowing it to dry. 

t By the addition of sodium nitrate (or nitrite) to the electrolyte, a considerable 
depth of active material may be obtained in a short time without any preliminary 
chemical treatment of the plate. All traces of nitric acid must be carefully 
removed from the plate before it is used in the cell. 
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are completely filled with the active material. The latter is pre- 
pared by mixing litharge with dilute salphuric acid to form a 
paste for the negative grids, red lead being similarly used in 
connection with the positive grids. The acid used in the prepara- 
tion of the pastes has a density between 1*15 and 1*20. When 
the paste is spread over the grid, it sets hard after a time. 
During the forming process the red lead is oxidised to lead 
peroxide, and the litharge is reduced to spongy lead. 

The active materials on the two plates do not behave in the 
same way, that on the positive plate tending to expand in course 
of time, while that on the negative plate tends to contract. For 
this reason, the positive grids are frequently made different from 
the negative ones. Two different forms of grid are illustrated in 
Fig. 128. An enormous number of different kinds of grids have 
been tried at different times, and almost every conceivable 
arrangement has been used. The principal aim has in all cases 
been to prevent the active material from coming away from its 
metallic support. 

The number of negative plates in a cell is always greater by 
one than the number of positive plates. In the earlier types of 
cell, equal numbers of positive and negative plates were used, so 
that one of the outside plates was positive and the other negative. 
It was soon found, however, that owing to the unequal action on 
the two sides of the outside positive plate (the active material 
undergoing much greater expansion on the side facing the negative 
plate), this plate buckled very badly. By adding an extra negative 
plate, the action was equalised on both sides, and the trouble 
disappeared. The total number of plates (positive and negative) 
in a secondary cell is therefore always an odd number, the two 
outside plates being both negative. 

§ 142. Charging with Constant Current and 
at Constant F.D. 

Two methods are in use for charging secondary cells. In the 
one commonly used in Great Britain, the cells are charged with 
a constant cuirent Since, as we have seen, the e.m.f . of the cells 
steadily rises during charge, arrangements must be provided for 
gradually increasing the voltage of the charging circuit if the 
current is to be maintained constant. The charging is invariably 
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effected by means of a shunt-wound dynamo (§ 97), and if the 
dynamo is not supplying any other circuits at the same time, its 
voltage may be gradually raised as the charge proceeds by means 
of a field rheostat (the dynamo must, of course, be designed to 
allow of the required increase of e.m.f.)- More commonly, how- 
ever, the increase of voltage is obtained by the aid of a small 
auxiliary dynamo known as a booster. The armature of the 
booster is designed for the full charging current, and for a voltage 
corresponding to the rise from the normal e.m.f. of the cells 
during discharge (about two volts per cell) to the final p.d. 
towards the end of the charge (about 2*7 volts per cell). The 
connections of the main generator, battery and booster are shown 

in Fig. 129. It will be 
TO'OWffy^ noticed that by the use of a 

nnnnne\.^,^ booster the main generator 

may be run at a constant 
voltage, or that its voltage 
may be regulated quite 
independently of the p.d. 
required to maintain the 
charging current, the addi- 
tional p.d. being always 
provided by the booster. 
Thus the main generator 
may be employed for supplying other circuits while charging 
the battery. 

The second method of charging, which is practised a good deal 
on the Continent, and which is of more recent date than the con- 
stant current method, is that in which the charging p.d. is 
maintained constant at about 2'4 volts. With this method of 
charging there is an enormous initial rush of current, and the 
bulk of the charge is effected in a very short time. The current 
falls off rapidly, and the final stages of the charge take much 
longer than its initial stages, but the entire duration of the charge 
is much shorter (by about 60 per cent.) than with the constant 
current method. The method of charging at constant p.d. results 
in a larger capacity from a given size of cell, but leads to a 
lowering of the efficiency.* 

* See a paper by Messrs. Cahen and Doaaldson in The Electrician^ toI. xli., 
p. 674 (1898), 
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§ 143. Testing of Secondary Cells. Determination 
of Capacity, Efftciency and Resistance. 

In investigating the behaviour of a secondary cell, the more 
important quantities of which measurements have to be carried 
out are : (1) the capacity of the cell ; (2) its efficiency ; (8) its 
resistance. The durability ^ which determines the cost of main- 
tenance, is an extremely important feature, but one regarding 
which a reliable judgment can only be formed from actual 
experience ; the durability depends not only on the care bestowed 
on the battery, and on the nature of the load with which it has 
to deal, but also on the local climatic conditions of the place 
where it is installed. 

For the purpose of determining the capacity, for a given rate of 
discharge (§ 140), and the efficiency of a secondary cell, it is not 
sufficient to take a single charge and discharge as a basis for 
this determination. This is due to the fact that the cell is never 
entirely exhausted — 1.«., deprived of all the energy stored up in 
it — but only discharged down to a p.d. of 1*8 volts. Even in a 
discharged cell there is still a certain amount of energy, and a 
considerable amount of active material on both plates which has 
not been converted into sulphate. Now the behaviour of a cell 
on charge or discharge depends on its previous history — 1.€., on 
the nature of the preceding charges and discharges — and we 
cannot assume that at the end of a given discharge the condition 
of the cell is precisely the same as it was at the beginning of the 
immediately preceding charge. In order to make sure of this 
point, it is necessary to take a number of successive charges and 
discharges, carried out under precisely similar conditions, and to 
compare the curves connecting voltage with time for the consecu- 
tive charges and discharges. If these curves are found to be 
exactly repeated each time, we are justified in concluding that 
the cell has reached a truly cyclic state, and that at the end of 
any discharge it is left in precisely the same state as it was 
at the beginning of the preceding charge. But if the curves 
show some modification during each succeeding charge and 
discharge, indicating that there is some sort of progressive 
change going on in the cell, the charges and discharges 
must be continued until this change practically disappears, 
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and each cycle of charge and discharge becomes similar to 
the preceding one, 

In testing a cell for capacity and efficiency, therefore, a sufficient 
number of charges and discharges must be carried out to reduce 
the cell to a strictly cyclic state, and only then can any legitimate 
conclusions be based on the results of the experiments. Such 
tests are therefore necessarily very tedious. The readings to be 
taken are those connecting time with p.d. and current (readings 
should also be taken of the density of the electrolyte). The 
current would always be maintained constant during a discharge, 
and the capacity corresponding to the given current is equal 
to the product of the current into the time of discharge. The 
capacity is generally expressed in ampere-hours. 

It is usual to distinguish two kinds of efficiency, viz., the 
ampei'C'hour efficiency and the watt-hour efficiency. By the former 
is meant the ratio of the ampere-hours of discharge to the 
ampere-hours of charge, and by the latter the ratio of the watt- 
hours of discharge to the watt-hours of charge. When the cell 
is being tested under constant-potential conditions of charge 
(§ 142), the current is variable, and the ampere-hours of charge 
are given by the area of the curve connecting current with time. 
The ampere-hour efficiency of a cell is generally very high, 
exceeding 90 per cent. In order to determine the watt-hours of 
discharge, we multiply the current by the area of the discharge 
curve {i.e., the curve connecting discharge p.d. with time. Fig. 
125). If charging is carried out at constant current, the watt- 
hours of charge are determined in a precisely similar manner. 
But when charging at constant p.d., the watt-hours of charge 
are given by the product of the p.d. into the ampere-hours of 
charge (which are represented by the area of the curve connecting 
charging current with time). The watt-hour efficiency varies 
with different rates of discharge, but is generally of the order 
70 to 85 per cent. 

The resistance of a secondary cell may be measured by deter- 
mining the difference between the e.m.f. and the p.d., and 
dividing this difference by the current. Since this difference is 
very small for all ordinary rates of discharge, it could not be 
obtained with any high degree of accuracy by simply taking the 
readings of a voltmeter connected across the cell (1) on open 
circuit and (2) with the current passing through the cell, although 



CONTINUOUS CURRENT ENGINEERING. 



219 



approximate values might be obtained in this way. More 
accurate determinations may be made by using the arrangement 
shown in Fig. 180. A compensating circuit, consisting of a 
couple of cells supplying current to a variable resistance and a 
resistance intermediate points of which are accessible, is arranged 
so that the p.d. across the terminals of the cell under test when 
traversed by a current may be balanced against the drop of 
potential over a section of the resistance in the compensating 
circuit. The 

balance may be ||||- 

adjusted by the 
aid of a milli- 
voltmeter (or 
calibrated dead- 
beat moving-coil 
galvanometer) 
whose resistance 
is very high in 
comparison with 
the resistance 

in the compensating circuit. Balance having been obtained, the 
circuit of the cell under test is suddenly opened, and the reading 
of the milli-voltmeter immediately on breaking the circuit is 
obtained. This reading divided by the current gives the resistance 
of the cell. 

The resistance of a cell is found to increase greatly towards 
the end of a charge or discharge. With the usual types of cell, 
the resistance is of the order of 1*5 ohm per square inch of total 
area of positive plates. 




CELL UNDER TEST 
Fio. 130. — Measurement of resistance of secondary cell. 



§ 144. Rules for maintaining Secondary Battery in 
Efficient Working Condition. 

The proper working and cost of maintenance of a secondary 
battery are so greatly dependent on the care with which it is 
handled that it is a matter of extreme importance to adhere 
closely to the following rales, the strict observance of which 
practical experience has shown to be essential to the satisfactory 
working of the battery. 
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The battery should never be discharged below the 1*8 volt limit 
of p.d. In connection with this rale, it is important to 
observe that it is the p.d. (when the battery is still discharging), 
and not the e.m.f., which is referred to. 

The battery should be charged as soon as possible after each 
discharge. If a battery is left standing without re-charge after 
having been discharged the non-conducting white sulphate is 
gradually formed on the plates ; as already mentioned (§ 188), 
this sulphate is extremely difficult to get rid ofif by electrolytic 
action. 

Should it be necessary to leave the battery standing idle for 
any considerable length of time, the last charge preceding the 
period of rest should be continued until all the cells gas freely. 
If possible, a short charge (until gassing occurs) should be given 
to the battery about once a fortnight. 

Should the period during which the battery is to remain 
inactive extend over many months, it is best to empty the cells 
and take out the plates, proceeding as follows : — The battery 
having been fully charged is discharged to the 1*8 volts per cell 
limit. The electrolyte is then drawn ofif, the cells filled with 
pure water, and the discharge continued, the cells being finally 
short-circuited. The plates may then be removed and stored 
away. 

The level of the electrolyte should be kept not less than half an 
inch above the tops of the plates. Owing to the evaporation of 
water which takes place, it is necessary to add water to the 
electrolyte from time to time in order to maintain the required 
level. Distilled water should be used for this purpose, and not 
tap- water. Neither rain-water nor condensed water from boilers 
is suitable. 

The maximum normal discharge rate as stated by the makers 
should not be exceeded. Frequent heavy overloads not only 
greatly reduce the capacity of the battery, but result in perma- 
nent damage to it and shorten its life. One very serious efifect 
of excessive discharges is a loosening of the contact between the 
active material and its support, the material dropping away 
from the plate and collecting at the bottom of the cell. 

It is generally found that the cells forming a battery do not 
all behave in the same way, some being better than others. For 
this reason, each individual cell should be examined about once 
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a week, its p.d. while discharging being measured by a suitable 
low-reading voltmeter, and the density of the electrolyte being 
determined by a hydrometer. If it is found that any cell is 
much weaker than the others, it should be treated with special care 
until it is brought up to their level. Two methods of treatment 
are available. Either the weak cell is cut out of circuit during 
the period of discharge, so that, while receiving the same amount 
of charge as the others, it is not allowed to discharge, and so 
gradually gains on the others ; or, while allowed to discharge 
with the others, it receives an additional amount of charge. 
This additional charge may be given to the weak cell either by 
means of a couple of auxiliary cells specially kept for the purpose, 
and known as milking or hospital cells, or by means of a small 
low-voltage "milking" booster driven by a motor. The 
milking cells (or booster) are provided with a couple of flexible 
leads ending in special terminals for connection to the weak 
cell, and of sufficient length to reach across to any cell of 
the battery. 

The weak condition of a cell is sometimes due to internal short- 
circuiting. If on account of excessive discharges or for some 
other reason particles of active material become detached from 
the plates, and if there are no barriers between the plates, such 
particles, if large enough, may lodge between two neighbouring 
plates instead of dropping to the bottom of the cell. They then 
form a more or less perfect solid conducting bridge across the 
plates, which has the same effect as if the circuit of the cell were 
closed through an external resistance. A cell so short-circuited 
will therefore go on discharging even if the external circuit be 
open, and will gradually fall behind the others. In examining 
the cells, such internal short-circuits should carefully be looked 
for, and if any particles are seen bridging across the plates, they 
should be pushed down by means of a clean rod or strip of 
glass.* 

In order to keep a check on the excess of the ampere-hours 
put into the cells during the consecutive charges over those taken 
out during the discharges, it is useful to provide two ampere- 
hour meters, one in the charging and the other in the discharging 

• Thin diaphragms or separators of specially prepared wood supported betweea 
the plates for the purpose of preventing internal short-circuiting have recently 
come into use. 



222 CONTrNTJOUS CUREENT ENaiNEERING. 

circuit. The ratio of the readings on the discharge and charge 
instruments gives the average ampere-hoar efficiency ; this may 
be as high as 95 per cent, if the cells are charged and discharged 
daily, but with longer intervals between the consecutive charges 
it will drop to 90 per cent, or even less. 

§ 145. Accumolator Boom. Containing Boxes and 
Stands for Cells. 

Owing to the extreme importance of keeping the electrolyte as 
free from impurities as possible, the cells should be placed in a 
position where there is but little danger of contamination of the 
acid. Ammonia has recently* been found to be a very dangerous 
impurity. Hence the site of the accumulator room should never 
be chosen in the neighbourhood of stables, etc. The purer the 
atmosphere, in fact, the better for the cells. 

The accumulator room should be large enough to allow of easy 
access to every cell. It should have a concrete floor, covered 
with a layer of asphalte, and the floor should be given a sufficient 
slope towards a drain, so that any acid or water on the floor will 
immediately drain off. If a tiled floor is used, the tiles should 
be set in pitch, not cement (the latter absorbing acid). Good 
ventilation should be provided by means of a blower forcing fresh 
air into the accumulator room, and driving out the acid spray ' 
through suitable outlets. 

The containing boxes for secondary cells are made of glass, 
antimonious lead, or of wood lined with lead. Glass boxes are 
used for smaller, and lead-lined wood boxes for larger, cells. 
Portable and motor-car ignition cells are generally contained in 
boxes of celluloid or ebonite. 

The stands supporting the cells are of pitch-pine, and are con- 
structed without the use of nails or other metal fastenings, which 
would be attacked by the acid spray. In cases where the battery 
voltage is high, the stands should be insulated from the floor by 
porcelain insulators. Acid-resisting paint or varnish is used to 
protect the stands from the acid. 

Owing to the fact that the surfaces of the containing- boxes are 
always more or less moist, it becomes necessary to support each 

• Transactions of the Faraday Society, vol. 1, p, 271 (1905). 
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Fig. 131.— Oil iDsulator. 
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cell on suitable insulators. A common form of battery insulator 
is shown in Fig. 181. The insulating surface here consists of an 
oil surface, the oil being contained in the annular trough formed 
in the lower part of the insulator. 

In the case of glass containing boxes, the bottom of the box is 
too uneven to be conveniently supported on the insulators, as the 
concentration of the entire 
weight of the cell on the 
comparatively small surface 
of contact between the boxes 
and the insulators would glass- 
unduly strain the former, 
and might cause fracture. 
For this reason, the boxes are generally supported on a layer of 
sawdust contained in a varnished tray of wood which rests on 
the insulators. 

Although the accumulator room should be well lighted in order 
to facilitate inspection of the cells, it should be shielded from the 
full glare of the sun, as this is liable to crack glass boxes and to 
cause excessive evaporation. 

§ 146. Weight and Cost of Secondary Cells. 

The weight of a secondary cell for a given capacity depends 
very largely on the type of cell, deteimined by the particular 
purpose for which the cell is to be used. As a general rule, 
reduction of weight can only be obtained at the cost of durability. 
A strong plate is also a heavy plate. In the case of stationary 
batteries, weight is not a very important consideration, and a 
heavier and more durable type of plate is used than in the case 
of batteries for traction purposes. Stationary batteries have a 
capacity of from two to three ampere-hours per lb. of total weight 
(acid included). Traction batteriers may yield up to six or seven 
ampere-hours per lb. of total weight. Assuming the mean p.d. 
per cell during discharge to be 1*9 volts, the above results corre- 
spond to about 8*8 to 6*7 watt-hours per lb. of total weight for 
stationary batteries, and up to about 11*4 or 13*3 watt-hours per 
lb. of total weight for traction batteries. The weight of the 
electrolyte alone is generally from a quarter to one-third of the 
total weight of the complete cell. 
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The price of secondary cells is about £1 per 100 ampere-hours, 
or, roughly, £5 per kilowatt-hour. 

If the cells are all arranged on the floor level, the amount of 
floor space (including gangways between rows of cells) may be 
taken at about three square feet per kilowatt-hour. 

The above figures are based on the assumption of a nine hours' 
discharge rate. As the rate of discharge is increased, the capacity 
and kilowatt-hours decrease (§ 140). 



§ 147. BuflTer Battery. 

In the case of generating stations supplying a traction load, 
the load undergoes violent fluctuations. Secondary batteries are 
frequently used in such stations for the purpose of equalising the 
load on the generators. The battery is connected in parallel 
with the generator or generators, and the arrangements are such 
that the battery e.m.f. just balances the 'bus bar p.d. when the 
load corresponds to the normal load for the generators. If the 
load falls below this limit, the generator begins to charge the 
battery ; if it rises above it, the battery begins to discharge, and 
prevents the generator from becoming overloaded. A battery so 
used is termed a bvffer battery . It is evident that a buffer battery 
allows of a reduction in the generating plant, the peaks of the 
load being taken by the battery. The advantages of a buffer 
battery may be briefly stated as follows : (1) the engines and 
generators may be kept running continuously under full load, 
irrespective of the external load on the system ; this results in 
high efficiency, i.«., low cost of energy ; (2) the wear and tear on 
the machinery is reduced, owing to the absence of the severe 
stresses which arise with a fluctuating load ; (8) the battery 
may be used during the hours of light load, thereby shorten- 
ing the hours of running for the generators. The fact that 
a buffer battery allows of a reduction in the size of the gene- 
rating plant may be regarded as an additional advantage, 
since although part of the money saved on the boilers, engines 
and generators must be spent on the battery, the cost of the 
latter, for a given output reckoned at one hour's discharge 
rate, is less than that of an equivalent amount of steam 
generating plant. 
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§ 148. Use of Buffer Battery with Shunt-wound 
Generators. 

On the Continent, traction generators are generally provided 
with a simple shunt winding, so that the p.d. drops with increase 
of load. The buffer battery being connected directly across the 
'bus bars, and containing a number of cells such that the battery 
e.m.f. just balances the generator p.d. at normal load, an increase 
of load above the normal results in a drop of p.d., and causes the 
battery to discharge in parallel with the generator ; on the other 
hand, a decrease of load results in an increase of p.d., and causes 
the generator to charge the battery. It is obvious, however, 
that the buffer action of the battery — i.e., its regulating effect on 
the generator load — ^will be more or less imperfect, since a varia- 
tion of the generator load is absolutely essential in order to bring 
the battery into action ; further, the extent of this buffer action 
will depend on the characteristic curve of the generator and the 
resistance of the battery, the buffer action being the more ener- 
getic {i.e., the generator load being kept the more nearly constant), 
the more strongly drooping the generator characteristic. This 
simple arrangement of having a buffer battery directly across 
the generator terminals is extensively used in Germany. It has 
been found that the buffer action of a battery depends very 
largely on the state of the battery itself.* 



§ 149. Use of Buffer Battery with Compound- 
wound Generator. Reversible Automatic Booster. 

In England and the United States, traction generators are 
generally compound-wound, and have a rising characteristic, so 
that with increasing load the 'bus bar p.d. rises, and the greater 

♦ AccordiDg to H. Wille {EUhtrUchs Bahnen und Betriehe, vol. 3, p. 9 (1905)), 
a battery whose buffer action has become feeble may be restored to a more sensitive 
condition bj the following method of treatment : The battery is charged until it 
begins to gas freely. It is then given about a two hours' rest ; charging is next 
resumed until the battery again begins to gas freely. This is followed by another 
period of rest of two hours, and a further charge until gassing commences, and so 
on, the treatment being continued until the battery starts gassing as soon as 
charging commences. The battery will now be found to exert a much more 
powerful buffer action. 

C.C.B. Q 
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drop along the feeders* is compensated for. If the generator 
were compounded for constant voltage at all loads, it is evident 
that a battery across the generator terminals would have 
absolutely no effect in regulating the load ; while if — as is usually 
the case — the generator were over-compounded, a battery across 
its terminals, so far from exerting any buffer action, would 
intensify the fluctuations of load. It is therefore evident that 
in either of these two cases some auxiliary arrangement must be 
provided if the battery is to act as a buffer between the generator 
and the external load. Such an arrangement is furnished by a 
reversible automatic booster. Although an absolute necessity with 
compound-wound generators, a reversible booster may also be 
used with shunt-wound machines, in which case it greatly 
improves the' buffer action of the battery. 

By a reversible automatic booster is meant an auxiliary gene- 
rator whose armature is connected in series with the buffer 
battery, and whose field windings are so arranged that an increase 
of load above the normal load of the generator produces an e.m.f. 
in the booster armature which is added to that of the battery, 
and which increases in proportion to the excess of load, thereby 
enabling the battery to discharge and so deal with the overload ; 
the opposite effect is produced if the load decreases below the 
normal, the booster e.m.f. now opposing that of the cells, and 
enabling the generator to charge them. A reversal of the booster 
e.m.f. — i.e., a reversal of the field flux — must clearly take place 
as the external load passes through the value corresponding to 
the normal load on the generator ; at this point, the booster field 
must be wiped out. The booster is driven by a shunt-wound 
motor. 

§ 150. Pirani Booster. 

A large number of different types of reversible boosters have 
been devised.t One of the earliest is that due to Pirani. The 

* By the feeders are meant the cables which run out from the generating station 
and feed the current into the overhead wire, whence it is supplied to the car 
motors. Each feeder supplies about half-a-mile of OTerhead wire. 

t See L. Schroder [Elektrotechnische XeiUchrift, vol. 17, p. 805 (1896), and 
vol. 27, p. 262 (1906)] ; J. S. Highfield [Jourml of the Institution of Eleetrioal 
Engineers, vol. 30, p. 1040 (1901)] ; G. A. Grindle [Ibid,, vol. 30, p. 1098 (1901)] ; 
F. Sarrat [Bulletin de V Association des Inginieurs-Electrieiens, Liege, vol. 3, 
p. 439 (1903), and voL 4, p. 180 (1904)]. See>lso The Electrician, vol. 53, p. 803 
(1904), vol. 54, pp. 322, 438 (1904) ; and Western Mectrician^ yoL 37, p. 210 (1906). 
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connections of the booster in their simplest form are shown in 
Pig, 182. The booster field is provided with two windings, a 
shunt winding connected across the battery, and a series winding 
traversed by the load current. These two windings are connected 
up diflferentially — i.e., so as to oppose each other — and are 
adjusted to balance one another when the load current has the 
normal value. An increase of load causes the series winding to 
preponderate, and gives rise to an e.m.f. in the booster armature 
which is added to that of the battery ; a decrease of load pro- 
ducing the opposite effect. This form of booster is sometimes 
known as the simple differential booster.* 



•TO LOAD 



SHUNT YirNDING 



II 



I III 



1.1 



1 1 



SCRIES WINDING 

-{J boosterY}- 



TO GENERATOR 

Fio. 132.— Pirani booster. 

A serious disadvantage of the Pirani booster in the simple 
form just described is the very large amount of copper in the 
field windings, the effective ampere-turns being represented by 
the difference of the ampere-turns contributed by the two 
windings. In order to cheapen the construction of the booster, 
the arrangement adopted in practice is that represented by 
Fig. 188. The booster field has only a single winding, which is 
supplied with current by a special small exciter, the differential 
windings being arranged on the field of this latter machine. 
Although there is still an abnormally large amount of copper on 
the field of the exciter y yet owing to the smallness of this machine, 
the total amount of copper in the two machines is less than it 
would be on a single machine ; further, the loss in the series 
winding is materially reduced. The arrangement also possesses 

* See end of § 163 for neoessity of laminating booster field. 

Q 2 
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the additional advantage that, the difTerential windings on the 
exciter having been adjusted once for all to exact balance at 
normal load, the amoant of boosting is easily controlled by the 

field rheostat in 
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Fig. 133. — Pirani booster with separate exciter. 



the booster field ; 
whereas with a 
single machine 
both windings 
would have to be 
adjusted if it were 
desired to control 
the boosting effect 
without upsetting 
the balance at 
normal load. In- 
stead of allowing 
the entire load 
current to flow 



through the series winding, only a fraction of it may be utilised, 
the remainder flowing through a suitable shunt. The booster, 
exciter and motor armatures are all mounted on a common shaft. 



§ 151. Highfield Booster. 

One of the best known and most successful forms of reversible 
booster is Highfield's booster. The connections of this machine 

are shown in Fig. 

TO LOAD ------ >] 184. The booster 

field is provided 
with two windings, 
one of which is a 
series winding 
traversed by a 
suitable fraction of 
the load current, 
while the other, 
which is a fine- 
wire winding, is 
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Fig. 134.— Highfield reversible booster. 



connected in series with an exciter and then across the battery 
terminals. The booster and exciter are mechanically coupled 
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to each other and to a shunt-wound motor which drives 
them. The exciter, whose e.m.f. opposes that of the battery 
around the local circuit formed by the battery, exciter and fine- 
wire booster field coil, is, in addition to its shunt winding, pro- 
vided with a series field coil (not shown in Fig. 184), and maintains 
a practically constant p.d. across its terminals. At normal load 
the booster e.m.f. is such that when added to the battery e.m.f. 
it exactly balances the generator p.d. An increase of load by 
increasing the current through the booster series coil raises the 
booster e.m.f., causing the battery to discharge. The opposite 
effect takes place when the load decreases. 

The object of the special exciter is to render the battery current 
practically independent of the battery e.m.f. Let us, for instance, 
suppose that the battery is fully charged, and that the load 
is at its normal value. Then the battery e.m.f. will exactly 
balance the exciter e.m.f., and the fine-wire booster coil will 
receive no current. But if when the load is normal the battery 
happens not to be fully charged, its e.m.f. will be less than that 
of the exciter, and the latter will send a current through the 
fine-wire booster coil which will strengthen the effect due to the 
series coil, the booster e.m.f. being thereby increased by exactly 
the amount corresponding to the drop in the battery e.m.f., and 
hence the battery will still receive no current, in spite of its 
lower e.m.f . A similar regulating effect occurs when the battery 
is either discharging or being charged, the fine-wire booster coil 
being so designed that any difference between the exciter and 
battery e.m.L's calls into play an exciting current which changes 
the booster e.m.f. by an amount equal to this difference, a drop 
in the battery e.m.f. resulting in an equal rise in the booster 
e.m.f ., and vice versa. It will be noticed that the exciter generally 
runs as a generator when the battery is discharging, and as a 
motor when it is being charged (the exciter e.m.f. being generally 
greater in the first case, and less in the second, than that of the 
battery). 

§ 152. Crompton-Maclntosh Booster. 

In this booster, the required regulating effect is obtained with- 
out the use of any special exciter, by means of three coils on the 
booster field. The connections of the booster are shown in 
Fig. 186. The field coil C is connected across the booster 
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terminals, and the current flowing through this coil is propor- 
tional to the difference between the 'bus bar p.d. and the battery 
e.m.f. Coil A is traversed by a convenient fraction of the load 
current, and tends to magnetise the booster field in a direction 
such that the corresponding booster e.m.f. is added to that of the 
battery. Coil B is a shunt coil across the battery, which opposes 
the series coil A. At full load, A and B balance each other. If the 
load rises above the normal, A overpowers B, causing the battery 
to discharge. The opposite effect takes place if the load falls 
below the normal. The function of the coil C is to render the 
discharge current independent of the battery e.m.f. As the 
discharge is continued, the battery e.m.f. falls, but the coil C is 
so designed that for every drop of one volt in the battery e.m.f., 

the increase in the 
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Fig. 135. — Crompton-Maclntosh booster. 



current flowing 
through C adds 
one volt to the 
booster e.m.f., 
thereby maintain- 
ing the battery dis- 
charge current at 
its original value. 

If it is desired to 
use the Crompton- 
Maclntosh booster 
in connection with 



over-compounded generators, the series coils of the generators 
are arranged to be traversed by the load current (which is 
the sum of the generator and battery currents), and not by the 
generator current alone, since with the latter arrangement — 
the generator current being maintained practically constant by 
the booster — no compounding effect could be obtained. 

On comparing the Highfield and Crompton-Maclntosh boosters 
with the Pirani one (§ 150), it will be noticed that the two former 
are superior to the latter in regulating power, owing to the use 
of a device whereby the battery current is determined solely by 
the load current, and is rendered practically independent of the 
battery e.m.f. In the Highfield booster this device is represented 
by a special exciter giving a practically constant e.m.f. ; while in 
the Crompton-Maclntosh booster it is represented by the coil C. 
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§ 153. Entz Carbon Controller for Reversible 

Booster. 

A method of booster control (invented by Entz) which has 
recently gained ground is that shown diagrammatically in 
Fig. 136. The simple field winding of the booster is connected 
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Fig. 136.— Entz reyeraible booster. 

to the armature of an exciter, whose field coil is across the middle 
point of the battery and the middle point of a carbon regulating 
resistance, the latter being across the battery terminals. The 
carbon regulator consists of piles of carbon discs, the resistance 

of one set of 
V ^^«ToP8--^ W discs increasing 

^■^ --^^ '^^^f^ while that of 

the other set 
decreases, or 
vice versdf 
according as the 
rocking lever 
shown in Pig. 

187 moves one way or the other. It is evident from Fig. 186 that 
the exciter field will receive no current if the two carbon disc 
resistances on either side of the point of connection of the exciter 
field are equal, since this point will then be at the same potential 
as the middle point of the battery. But an increase in one of 
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Fio. 137. — Carbon controUer of Entz booster. 
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the resistances, accompanied by a decrease in the other, will 
cause a current to flow through the exciter field one way or the 
other, depending on the direction in which the change of resistance 
takes place. The booster e.m.f. is thus either opposed or added 
to that of the battery, enabling the latter to receive a charge or 
to discharge. The rocking lever which controls the relative 
values of the carbon disc resistances has attached to it at one 
end an adjustable spiral spring, and at the other a soft iron core 
which is suspended inside a solenoid traversed by the generator 
current. Slight variations in the latter are sufiScient to call into 
play the buffer action of the battery. In order to protect the 
battery and booster against heavy overloads, the play of the 
rocking lever is limited by two adjustable stops. 

Since a booster is required to respond as promptly as possible 
to fluctuations of load, its field system should be laminated 
throughout. The same remark applies, of course, to the exciter. 
If the field were made solid, the changes in its magnetism would 
be greatly retarded by the heavy eddy-currents induced in the 
field cores. 



EXAMPLES. 

1 . After a number of charges and discharges at a constant current 
of 21 amperes, the following series of readings of the p.d. was 
found to be reproduced each time in the case of a certain 
secondary cell : — 



Time, in houn 





•2 


•2 


•6 


1-0 


2-0 


8-0 


4-0 


6-0 


6-0 


6-5 


7-0 


7-6 


7-76 


8 


8-6 


Cb«ZKep.d. 


!■» 


2-14 


2*16 


2-16 


2-16 


217 


2-19 


2-21 


2-24 


2-80 


2-8« 


2-46 


2-&5 


2*68 


2-flO 


2-62 


Diflcbaigo p.d. 


2-12 


1*98 


1-M 


1-98 


1-98 


1-97 


1-96 


1-96 


1-925 


1-90 


1*88 


1-86 


1-82 


1-80 


- 


- 



Find from the above (a) the capacity, in ampere-hours ; (b) 
the quantity efficiency, and (c) the energy efficiency of the cell. 

2. After a steady state had been reached in the case of a cell 
which was being charged at a constant p.d. of 2*51 volts, and dis- 
charged at a constant current of 86 amperes, the readings were 
as follows : — 



Time, ia minntos 





2 


10 


20 


80 


40 


50 


60 


70 


80 


87 


100 


120 


140 


142 


Obazigiiig cuirent 


172 


168 


164 


124 


85 


49 


26 


16 


12 


10-5 


10 


— 


_ 


— 





Dieclutrge p.d. 


2-06 


1-94 


1-9S 


1-92 


1*92 


1-92 


1-91 


1-905 


1-90 


1-89 


1-88 


1-875 


1-845 


1-815 


1-81 
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Find (a) the capacity ; (b) the quantity efficiency ; and (c) the 
energy efficiency. 

8. An electric launch is to be fitted with a battery of secondary 
cells capable of maintaining an output of SJ horse-power for ten 
hours. A type of battery is available giving 12 watt-hours per 
lb. weight of battery complete, and costing at the rate of 
£6 158. per kilowatt-hour. Find (a) the weight and {b) the cost 
of the battery. 

4. In a central station, a battery is required capable of main- 
taining a current of 800 amperes at 500 volts during two hours. 
Find approximately (a) the weight ; (b) the cost of the battery ; 
and (c) the floor-space required, assuming all the cells to be on 
the same level. 



CHAPTER XIV. 

§ 164. The electric arc — § 166. The arc between carbon electrodes — § 166. Nature 
of carbon arc — § 167. Distribution of potential in arc. Relation connecting 
p.d. and current — § 168. Temperature of arc — § 169. Arrangement and sizes 
of carbons in arc lamps — § 160. Steadying resistance — § 161. Arc lamp 
mechanisms — § 162. Ebrting and Mathiesen clockwork lamp — § 168. Jandus 
enclosed arc lamp — § 164. Crompton-Pochin brake- wheel lamp — § 166. Bremer 
arc lamp — § 166. Lewis flame arc lamp— § 167. Blondel lamp. General 
characteristics of flame arcs — § 168. Carbone and magnetite arc lamps — 

L169. Mercury yapour lamps — § 170. Carbon filament incandescent lamp— 
171. Nernst lamp— § 172. Metallic filament incandescent lamps — § 178. 
ices of arc and incandescent lamps. 

§ 154. The Electric Arc. 

The occurrence of sparks across a break in a circuit conveying 
a current at the instant of interrupting the current was known 
from very early times, and was soon followed by the discovery of 
the electric arc. If we suppose that by means of two conductors 
arranged to be movable with respect to each other, a circuit 
containing a sufficiently high e.m.f. (not less that 60 volts, say) 
may be closed or opened, and if when the circuit is closed the 
current has a sufficiently high value (about 10 amperes, say), 
then on separating the conductors by a short distance (about 
i inch), we find that no interruption of the current takes place, 
but that a flame is formed between the conductor ends and that 
the current continues to flow across this flame. The ends of the 
conductors or electrodes between which the flame is formed are 
raised to a very high temperature, and may be melted if the 
current is sufficiently large. Such a conducting flame, consisting 
of an incandescent column of gases, is known as an electric arc. 
If the distance between the conductors be increased beyond a 
certain limit, which depends on the e.m.f. of the circuit, the arc 
goes out, and the current is interrupted. The starting of an arc 
between two conductors is spoken of as the striking of the arc. 
An arc may be formed not only between solid conductors, but 
also between liquid conductors, or between a solid and a liquid 
conductor. 
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§ 155. The Arc between Carbon Electrodes. 

The arc formed between two rods of carbon is particularly 
striking, on account of the dazzling light to which it gives rise. 
It is also of very special importance on account of the numerous 
practical applications which it has received in electric lighting, 
electric welding, and electric furnace work. 

The general appearance of the carbon arc (in air) and of the ends 
of the vertical carbon rods or carbons between which it is formed 
is shown in Fig. 188. 
It will be noticed that 
the flame or arc itself 
consists of a central 
portion or core of a 
purple colour, and of 
an outer envelope which . 
is greenish. The shapes 
of the ends of the two 
carbons are entirely 
different. The positive 
carbon, or that by which 
the current enters the 
arc, becomes hollowed 
out, forming a cratevj 
while the negative carbon, by which the current leaves the arc, 
becomes more or less pointed. 

Besides the difference of shape,^here is another very important 
difference between the two carbons which is readily detected by a 
mere cursory examination. The bulk of the intense light emitted 
by the arc is easily seen to come from the surface of the crater 
formed at the end of the positive carbon ; a much smaller amount 
of light comes from the tip of the negative carbon. Very little 
light is obtained from the flame or arc itself. 

The length of arc, or distance apart of the carbons, varies in 
practice from i to ^ inch in those types of arc lamp in which 
the arc burns in air. 




POSITIVE CARBON 



CKATER 
PURPLE CORE 



NEQATIVE CARBON 



Fig. 138. — General appearance of arc. 



§ 156. Nature of Carbon Arc. 

In spite of the enormous amount of experimental investigation 
devoted to the subject, the nature of the arc, and of the processes 
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going on in it, is still a matter of uncertainty. According to 
Mrs. Ayrton,* who has made a very exhaustive study of the 
behaviour of the arc under different conditions, the purple core 
of the arc consists of carbon mist (or condensed carbon vapour), 
i.e., minute particles of carbon held in suspension in the column 
of incandescent gases ; while the outer green sheath consists of 
burning gases. Further, there is some indication of the existence 
of a very thin layer of true carbon vapour (as distinguished from 
the condensed vapour or mist) in immediate contact with the 
surface of the crater. The resistivity of the vapour being much 
higher than that of the mist, the resistance of the thin laj^er of 
vapour next the crater is much greater than that of the long 
column of mist. There will thus be a relatively large drop of 
potential across the thin layer of vapour, while the potential drop 
along the column of mist will be relatively small. The bulk of the 
power supplied to the arc will be absorbed by the layer of vapour, 
and this power is employed in producing further volatilisation of 
carbon from the surface of the crater. The area of the crater 
depends on the current; as the current increases, this area 
expands, and with it also the cross-section of the column of mist. 

§ 157. Distribution of Potential in Arc. Relation 
connecting P.D. and Current. 

The distribution of potential in the arc has been experimentally 
investigated by means of thin exploring electrodes of carbon 

wBich could be introduced into the 
arc, and it is on the results of this 
investigation that Mrs. Ayrton has 

VOLTMETER . , j v , .- . ^t 

founded her explanation of the 
nature of the arc given in the pre- 
^EXPLORiNC ELECTRODE Ceding paragraph. The p.d. between 
the positive carbon and an exploring 
carbon pencil placed in the arc as 

^'"eltt^ltil""" ''lo^^ »« P0«"!>»« to the crater surface 

(see Fig. 189) was found to vary from 
about 82 to about 89 volts, decreasing with increase of current 
and increasing with length of arc. The p.d. between the negative 
carbon and an exploring electrode in the arc placed close to the 

♦ The Mectric Arc, p. 391. 
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surface of the negative carbon was found to be about 8 volts. The 
relation connecting the total p.d. V across the arc (i.e., the p.d. 
between the carbons) with the current i and length of arc I was 
found by Mrs. Ayrton to be represented very accurately by the 
formula — 

where a, b, c and d are constants whose values depend on the 
quality and size of the carbons used. 

From the above equation it is evident that under no circum- 
stances can the p.d. across the arc be reduced below the limit 
represented by the constant a in the equation. The arc therefore 
behaves as if it contained a counter-e.m.f., and for a long time 
this apparent counter-e.m.f . was assumed to have a real existence. 
This view has no^ been generally abandoned,* as it has been 
found that there is no trace of any e.m.f. in the arc immediately 
after the current has been switched off, and before any material 
change has had time to take place in the condition of the arc. The 
arc, it may be mentioned, retains its physical condition and con- 
ducting power for an appreciable interval of time after switching 
off the current, so that if the carbons remain separated and the 
switch is again closed, the arc will be maintained, provided the 
interval of time between the opening and closing of the circuit 
is not too long. 



§ 158. Temperature of Arc. 

The temperature of the arc is the highest which may be pro- 
duced by artificial means, all known substances except carbon 
readily fusing in the arc. This temperature approaches 4,000^ C. 
The high temperature of the arc is usefully applied in electric 
welding and in arc furnaces (such as those used for preparing 
calcium carbide). The temperature of the crater is found to 
be independent of the current, an increase of current simply 
causing the crater area to expand, but not increasing its bright- 
ness. This constant temperature of the crater is supposed to 
correspond to the boiling-point of carbon. 

♦ See, however, W. DuddeU, Phil, Trant., toI. cciii., p. 305 (1904). 
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§ 159. Arrangement and Sizes of Carbons in 
Arc Lamps. 

The bulk of the light coming from the crater surface, it is 
usual to make the negative carbon somewhat smaller in diameter 
than the positive one, in order that as little light as possible may 
be intercepted by the former. The positive carbon in lamps of 
ordinary construction is placed above the negative one, so that 
the light may be thrown downwards, where it is wanted. 

The carbon ends being at a high temperature, and their side 
surfaces in free contact with air, slow combustion of the carbons 
takes placa The surface of the crater itself is protected from 
direct contact with the air by the thin layer of carbon vapour 
with which it is covered. But loss of carbon takes place here 
by volatilisation, the volatilised carbon subsequently condensing 
and burning in the green flame which surrounds the purple core 
of the arc. 

The luminous intensity of the arc, for a given amount of power 
supplied to it, is found to increase very considerably as the size 
of the carbons is reduced.* So far as the efficiency of the arc is 
concerned, therefore, there would be a considerable advantage in 
using carbons of the smallest practicable size. Unfortunately, a 
reduction in the size of the carbons involves an increased rate 
of their consumption, and more frequent re-carboning or 
"trimming" of the lamps. The sizes of carbons generally 
in use are such that the positive and negative carbons are con- 
sumed at the same rate of about i inch per hour, the total rate of 
consumption being 1 inch per hour.f The currents in use vary 
from 5 to 20 amperes, those most commonly in use being 10 or 
12 amperes. The following Table gives the usual sizes of positive 
and negative carbons for various currents : — 

Current 5 8 10 16 20 

Diameter of positiye carbon in mm. 13 15 18 20 22 
„ negative „ „ 9 11 12 13 15 

The lamps are arranged to take either 12-inch or 9-inch carbons. 
Allowing 2 inches for the minimum length of carbon which must 

♦ See Blondel, Vilclairage Electrique, toI. x., p. 497 (1897) ; T. Hesketh, The 
Electrician, toI. xxxix., p. 707 (1897) ; also G. N. Eastman, Electrical World 
and Engineer, vol. xlv., p. 772 (1905). 

t If the diameters of the carbons were equal, the positive carbon would be 
consumed much more rapidly than the n^;atiYe one. 
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be allowed to remain in the holders in order to prevent the latter 
from becoming over-heated and fused, we see that a lamp fitted 

12 — 2 

with 12-inch carbons will burn — - — = 20 hours, and one fitted 

i 

9 — 2 
with 9-inch carbons — ^ — = 14 hours. 

The positive carbons are provided with a core of much softer 
carbon. This core is consumed more readily than the surrounding 
harder carbon, and its effect is to keep the arc central and 
steady; with both carbons solid, the arc exhibits a tendency 
to wander about the end surface of the positive carbon, the 
position of the crater constantly changing, and the light flickering 
in consequence. 



§ 160. Steadying Resistance. 

It is found that in order to obtain steady working, a certain 
minimum resistance must be connected in series with the arc. 
This resistance is represented partly by the series coil of the 
regulating arc lamp mechanism, partly by an external resistance. 
The steadying resistance outside the arc also prevents an excessive 
rush of current at the instant when the carbons are in contact 
with each other, and before the arc has been formed or struck by 
separation of the carbons. The steadying resistance required in 
series with an arc absorbs about 10 or 20 per cent, of the p.d. 
across the arc. 

§ 161. Arc Lamp Mechanisms. 

Owing to the gradual consumption of the carbons, some 
automatic arrangement is obviously necessary in order to keep 
the carbons at the proper distance apart, by moving or feeding 
them forward as they are consumed. This forward feed is 
effected by the arc lamp mechanism. The mechanism is gener- 
ally controlled by two coils or solenoids, one of which is in series 
with the arc and carries the main current, while the other is 
connected as a shunt across the arc. The two solenoids are 
arranged to produce opposite effects so far as the length of arc is 
concerned, i.e., they act differentially; an increase of current 
through the series coil lengthening the arc, and an increase of 
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current through the shunt coil (which results from an increase 
of p.d. across the arc) shortening it. 

Numerous forms of arc lamp mechanisms have been devised, 
but those commonly in use may be divided into (1) clockwork, 
(2) clutch and (8) clutch-wheel or brake-wheel types. 



S 162. Kdrting and Mathiesen Clockwork Lamp. 

The Eorting and Mathiesen arc lamp, whose mechanism is 
shown in Fig. 141, may be taken as a typical example of the 
clockwork type of lamp. This lamp is manufactured by the 
Union Electric Co. Ltd. The upper carbon-holder is heavily 
weighted, and is suspended from one end 
^'^-^ of a chain which passes over a chain- wheel 

^ -cHMN-^NMccL ^^j carrfes the lower carbon-holder at 
^-— ^ its other end — (the two carbon-holders 

are, of course, insulated from each other), 
as shown diagrammatically in Fig. 140. 
A rotation of the chain-wheel in a clock- 
wise direction causes the upper carbon to 
descend and the lower one to ascend, 
thereby shortening the arc. Assuming 



t 



Fig. 140.— Arrangement ^he two carbons to be consumed at the 
o car ns an c n. f,j^jj|Q YSkte^ it foUows that the position of 
the arc in space will remain constant; a lamp capable of 
maintaining the arc in a constant position is sometimes spoken 
of as a focuBiing lamp. Contact is maintained with the 
lower carbon-holder through the chain, while the insulated 
upper holder is connected to a flexible copper conductor 
insulated by having a number of beads strung on it. The 
chain-wheel is, as shown in Fig. 141, mounted on an axle 
carrying a toothed wheel which forms the first of a train of 
wheels ending in a four-armed star- wheel. The train of wheels 
is contained between two plates, forming a frame, which is 
pivoted at the point P, and is thus free to rock about an axis 
passing through P. It will be noticed that a motion of the 
clockwork frame about P in a counter-clockwise direction causes 
the thin metal plate which acts as a detent to engage the star- 
wheel, thereby locking the train ; while a motion in a clockwise 
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direction releases the star-wheel, allowing the upper carhon- 
holder to move down and the lower one to move up. Attached 
to the upper end of the frame is a bar of soft-iron which forms 
an armature, acted on by two (J -shaped electromagnets, arranged 
as shown in the figure, the horizontal magnet being wound with 
coils connected in series with the arc, and the vertical one with 
coils forming a shunt across the arc. In order to secure a 



rSCftlCS COILS 



DETENT- 



WCtGHT 



-AfiWATURC 
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^TO LOWER CftBBONvtOLOEH 

Fio. 141. — Mechanism of Korting and Mathiesen arc lamp. 

smooth feed, a metal arm projecting from the clockwork frame 
carries a brass cylinder which fits very accurately over a piston 
attached to the base-plate, the arrangement forming an air dash- 
pot which prevents any jerky or irregular motion of the frame. 

When the lamp is not in use, the weight of the upper carbon- 
holder is sufficient to turn the clockwork frame into its extreme 
clockwise position, the star-wheel being free and allowing the 
carbons to move until they come into contact. On switching on 
the current, the series magnet is made to pull the frame in a 
counter-clockwise direction, separating the carbons, thus striking 

0.0.E B 
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the arc and at the same time locking the train of wheels. As 
soon as the arc is struck, a current passes round the shunt 
magnet and prevents the arc from being lengthened beyond 
the normal limit. As the arc lengthens the current decreases, 
and the p.d. across the arc increases ; hence the pull due to the 
series magnet is weakened and that due to the shunt magnet 
strengthened. The armature slowly moves towards the poles of 
the shunt magnet, and at a certain stage the star-wheel is 
released, allowing the carbons to feed forward; as the arc 
shortens the pull due to the series magnet increases, and that 
due to the shunt magnet decreases, until the star-wheel is once 
more locked and the feed arrested. The motion of the train is 
retarded by a vane mounted on the axle carrying the star-wheel. 

S 163. Jandus Enclosed Arc Lamp. 

As an example of the clutch type of lamp mechanism, we shall 
consider the Jandus lamp. This lamp belongs to what is known 
as the enclosed type of arc lamp. In an ordinary arc lamp the 
arc is freely exposed to the atmosphere, and as a consequence 
the consumption of the carbons is comparatively rapid. If the 
arc be made to bum in a space from which oxygen is more or 
less completely excluded, the oxidation of the carbons will be to 
a large extent prevented and their life will be greatly increased. 
This is done in the enclosed arc lamps, in which the carbons are 
placed inside a cylinder of opal glass, the joints at the ends of the 
cylinder being practically airtight. This cylinder is surrounded 
by the usual outer opal glass globe. Soon after the arc has been 
struck the oxygen contained in the cylinder will be used up, and 
fresh supplies will only leak in very slowly, the arc burning 
practically in an atmosphere of nitrogen and carbon dioxide, 
containing also some carbon monoxide, cyanogen, and other pro- 
ducts formed during the burning of the arc. An enclosed arc 
dijQfers from an ordinary or open arc in several respects. The arc 
itself is much longer, varying from about f inch to 1^ inches 
in length, according to the voltage, which may be from 75 to 150 
volts. The ends of the carbons remain quite flat, and the 
carbons are of equal size. The light emitted by an enclosed arc 
is of a bluish or violet colour. The rate of consumption of the 
carbons is only about ^th of that in open arcs. The main 
advantages of the enclosed arc are (1) the slow consumption of 
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carbons and consequent saving in the cost of carbons and 
trimming, the lamp requiring but little attention ; and (2) the 
possibility of using a small number (1 or 2) of arc lamps across 
supply mains, owing to the high voltage at which these lamps 
may be operated. On the* other band, the efficiency of enclosed 
arcs is greatly inferior to that of open arcs. 

The essential parts of the mechanism of the Jandus lamp are 
shown in Fig. 142, 
and details of the 
clutch in Fig. 143. 
The lower carbon is 
fixed, so that the 
lamp is not a focus- 
sing one. The 
movable upper car- 
bon is held in a 
sheath or tube with 
a slightly corru- 
gated external sur- 
face. The upper 
carbon is of about 
twice the length of 
the lower one in a 
newly trimmed 
lamp, and when the 
lower carbon has 
been consumed the 
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Fio. 142. — Mechanism of Jandus arc lamp. 



remaining portion of the upper one is substituted for it and a 
fresh length of carbon inserted into the upper holder. The feed 
of the upper carbon is controlled entirely by a single iron-clad 
series solenoid, shown in Fig. 142. Into the upper part of this 
solenoid is inserted a fixed hollow core projecting some way 
down the solenoid and ending in a conical surface. A movable 
hollow core or plunger having a conicaLupper surface which fits 
the conical surface of the fixed core is raised or lowered by the 
solenoid, according to the variations in the current. Screwed to 
the lower part of the movable core is a shallow cylindrical vessel 
which contains three inclined planes on which the clutch-rings 
run ; this moves in the brass-lined cylinder below the coil, and 
ends in a tubular portion projecting downwards, inside which 

b2 



244 



CONTINUOUS CUERENT ENGHNEEBING. 



CLUTCH RINGS 



FRON€ or RCLEA3E tWl 



slides freely the releasing tube. When the lamp is switched off 
the movable core drops, and at a certain stage the lower end of 
the release tube comes against a shoulder projecting from the 
lower tubular portion of the frame, so that any further down- 
ward movement of the release tube is prevented. As the 
movable core continues to descend the three prongs at the top 

of the release tube 
rise up the slots in 
the core which con- 
tain the clutch- 
rings, and coming 
into contact with 
these rings push 
them outwards, 
causing them to run 
up their inclined 
planes, thereby re- 
leasing the carbon- 
holder tube and 
allowing the upper 
carbon to drop down 
into contact with 
the lower one. 
When the current 
is switched on the 
reverse series of 
operations takes 
place : as the mov- 
able core rises the 
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Fio. 143. — Details of clutch of Jandus lamp. 



release tube moves down relatively to it, allowing the clutch- 
rings to roll down the inclined planes until they come against 
the tube holding the carbon and grip it ; the continued ascent 
of the core then strikes the arc. The feed takes place periodically 
by a momentary release of the carbon-holder tube. 

Contact with the tubular carbon-holder is maintained by 
means of six contact-rings threaded on a washer and pressing 
lightly against the tube. 

The details of the clutch will be easily understood by reference 
to Fig. 148, which shows a sectional elevation and plan of the 
lower part of the core. The clutch rings are grooved and milled 
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along their outer surfaces in order to enable them to obtain a 
firmer grip of the carbon-holder tube. 

S 164. Crompton-Pochin Brake-wheel Lamp. 

In Fig. 144 is shown the mechanism of a brake-wheel 
type of lamp 

— the Cromp- S 

ton-Fochin o 

" S " type ^ 

lamp. In 
lamps of this 
class the feed 
of the carbons 
is effected by 
the alternate 
release and 
clamping of a 
brake - wheel 
mounted on 
an axle which 
also carries 
the pulleys 
supporting 
the flexible 
bands by 
which the 
carbon - hold- 
ers are sus- 
pended. The 
lamp illus- 
trated in 
Fig. 144 is a 
focussing one, 
both carbons 
being mov- 
able. Each 
carbon-holder 
is suspended 
by a flexible 
copper conductor, which also serves to convey the current to the 




246 CONTINUOtTS CUEBENT ENGINEEEINO. 

holder. The two flexible conductors are coiled in opposite direc- 
tions around two brass pulleys mounted on a common axle, but 
insulated from each other by a disc of ebonite. By the side of one 
of these pulleys is mounted the flanged brake- wheel. The brake 
consists of a flexible copper band coiled once around the brake- 
wheel and haying the cylinder of an air dash-pot attached to its 
lower end. The upper end of the brake-band is attached to a point 
in a rocking lever, or "see-saw " lever, whose position is controlled 
by two coil-and-plunger mechanisms, one of the coils carrying 
the main current and the other being connected as a shunt 
across the arc. Contact is maintained with the two halves of the 
axle supporting the pulleys by means of wire brushes rubbing 
against the ends of the axle, as shown in the figure. The right- 
hand drawing in the figure shows an end view of the pulleys and 
brake-wheel. When the lamp is not in use, the weight attached 
to the left-hand side of the lever causes that side to drop against 
a stop, the brake being thereby left entirely slack, and allowing 
the carbons to come into contact. As soon as the current is 
switched on the series coil sucks in its core, pulling down the 
right-hand side of the lever, tightening the brake around the 
brakewheel, and then causing a rotation of the brake-wheel which 
separates the carbons and strikes the arc. The current which 
appears in the shunt coil as soon as the arc has been struck 
prevents any lengthening of it beyond the normal limit, releasing 
the brake-wheel when this limit has been exceeded. 



S 166. Bremer Arc Lamp. 

During the last few years various forms of arc lamps 
have come into use other than those in which the electrodes 
consist of pure carbon. By impregnating the carbons with 
certain metallic salts the amount of light obtained for a 
given amount of power supplied to the arc may be considerably 
increased. 

In the case of an arc between pure carbon electrodes, the arc 
itself is only relatively faintly luminous, the bulk of the light 
coming, as already mentioned, from the anode, which becomes 
intensely hot, a small area on the cathode also attaining a white 
heat. By mixing a very large proportion — up to 60 per cent. — 
of mineral matter with the carbon paste used in making the 
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electrodes, impregnated, or mineralised, or chemical carbons are 
obtained \7hich completely modify the nature of the arc. The 
mineral substances suitable for this purpose are calcium fluoride 
(Ga F2), cryolite (NasAl Fq), borax (Na2B4 07), sodium carbonate 
(Na2 GOs) or silicate (Na2 Si Os) . The effect of this large addition of 
mineral matter is to render the arc itself brightly luminous. The 
light emitted by such an arc is of a beautiful golden colour, and is 
due to the incandescent metallic salts contained in it. The borate, 
carbonate and silicate of sodium (or other alkaline metal) serve 
as a flux, dissolving the refractory calcareous slag and removing 
it in drops, and thereby rendering the arc more stable by 
preventing the formation of a refractory non-conducting crust 
around the electrodes'. Even with the addition of a flux, how- 
ever, considerable difficulties were encountered in connection 
with the removal of the slag in lamps with the usual vertical 
electrodes, and this led H. Bremer — to whom the introduction 
of this type of arc into modern practice is due* — to adopt a type 
of lamp in which the electrodes, instead of being placed vertically 
above each other, are arranged side by side, and converge towards 
each other, the arc assuming a horizontal position. The slag is 
thereby rendered free to drop away without interfering with the 
steady burning of the arc. Another special feature of the Bremer 
lamp is the use of,a magnetic field for spreading out the arc, the 
efficiency of the lamp being thereby improved. A small conical 
reflector placed around the arc limits the access of oxygen to it 
and somewhat reduces the rate of consumption of the carbons, 
which is considerable. 



S 166. Lewis Flame Arc Lamp. 

In the so-called flame and intensive arc lamps, cored carbons 
are used consisting of a hollow rod of pure carbon and a core of 
mineralised carbon. The proportion of mineral matter is there- 
fore necessarily less than in the Bremer carbons, the amount of 
slag formed during the burning of the lamp is not excessive, and 
the carbons may be placed vertically above one another as in the 
ordinary type of arc lamp ; it is, however, preferable to adopt 

* The use of impregnated carbons and of sloping electrodes are by no means new 
features, having formed the subject of (uDSUCcessful) experiments In the early days 
of electric lighting. 
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the converging arrangement used in the Bremer lamp, as the 
arc is then found to bum more steadily. Such flame arc lamps 
may be regarded as occupying an intermediate position between 
the Bremer lamp and the ordinary type of lamp using pure 

carbons. As in the Bremer 
lamp, a shield is provided 
immediately above the 
arc, which reduces the 
rate of consumption of 
the carbons by maintain- 
ing the arc in an atmo- 
sphere poor in oxygen. 

In Fig. 145 is illus- 
trated one of the most 
recent types of flame arc 
lamps — the Lewis lamp, 
manufactured by the 
Beason Manufacturing 
Company.* The carbon- 
holders slide along two 
inclined guides, and are 
constrained to move down- 
wards at the same rate by 
a slotted link. The left- 
hand carbon passes freely 
through a hole in a sliding 
plate, while the right-hand 
one, before passing through 
a hole in the plate sup- 
porting the clutch mecha- 
nism, is made to pass 
through a clutch - plate. 
The end of the clutch- 
plate is supported by a 
tripping plate fixed across a frame forming a lever pivoted at 
the point marked F and connected to the sliding plate by 
a short link. A point in the lever is attached to one end of 
a long link which connects it to the seesaw lever. This latter, 
along with the series and shunt coils, is placed in the upper 

♦ The Electrician, vol. Iviii., p. 842 (1907). 
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part of the lamp (immediately above the plate shown sup- 
porting the guide rods in the figure). When the lamp is not 
in use the carbons are in contact, the link attached to the 
lever occupying the highest position, and the clutch-plate not 
gripping the right-hand carbon. On switching on the current, 
the link is made to descend, turning the lever in a clockwise 
direction, and pulling the left-hand carbon away from the right- 
hand one, thus striking the arc, and at the same time, by allow- 
ing the clutch-plate to descend and grip the right-hand carbon, 
locking this latter in position. The feed is effected by a periodic 
momentary release of the carbons due to the raising of the 
clutch-plate. 

The arc is formed in a short hollow cylinder open below and 
lined with fireclay. The refractory lining is known as an 
economiser ; it acts as a reflector, and limits the free access of 
oxygen to the arc. 



S 167. Blondel Lamp. General Characteristics of 
Flame Arcs. 

In the Blondel flame arc lamp the carbons occupy a vertical 
position. The upper carbon is negative^ and is of pure, or nearly 
pure, carbon. The lower carbon, which is positive, is strongly 
mineralised, consisting of a large core of mineralised carbon 
and a very thin (from ^ to 7 of the electrode diameter) outer 
envelope of pure carbon. The latter burns more slowly than the 
mineralised core, and serves to protect the carbon contained in 
the core from being oxidised too rapidly. By using an upper 
electrode of pure carbon, the formation on it of slag (which acts 
as an insulator when cold) is prevented. No slag collects on the 
lower electrode, since it runs down as it is formed. 

The main characteristics of the arc between ^' chemical " or 
mineralised carbons are the intense luminosity of the Jlame of 
the arc and its relatively great length. Unlike an ordinary arc, 
a flame arc contributes the greater portion of the total light, the 
amount coming from the heated ends of the electrodes being 
much less than that due to the flame itself. Another striking 
difference is to be found in the comparatively small drop of 
potential between the surface of the crater and the flame of the 
arc, which amounts to about 17 volts. 
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All mineralised carbons burn away much more rapidly than 
ordinary carbons (nearly twice as fast). Further, considerable 
quantities of nitrogen peroxide (NO3) are formed, which is a 
highly poisonous gas. For this reason, arc lamps in which 
chemical carbons are used are only suitable for outdoor 
illumination. 



S 168. Carbone and Magnetite Arc Lamps. 

A type of flame arc lamp has recently been introduced in which 
pure carbon electrodes are used.* The carbons are arranged as in 
the ordinary type of flame lamp (see Fig. 145), converging towards 
each other. By means of an electromagnet arranged imme- 
diately above the economiser in which the arc burns, a magnetic 
field is produced which prevents the arc from forming across the 
sides of the carbons and forces it downwards so as to cause it to 
form across their end surfaces. In this way the incandescent 
surface of the crater and of the tip of the negative carbon become 
fully exposed (none of the crater surface being obstructed by the 
negative carbon as in the ordinary arc), audit is to this fact that 
the lamp owes its high efficiency. Owing to the great length of 
arc which becomes possible with this arrangement, the Carbone 
lamp may be run at a high voltage (85 volts), in this respect 
possessing the advantages of the enclosed type of arc (§ 168) 
while having a very much higher efficiency. The light emitted 
by the Carbone arc is very white, resembling sunlight more closely 
than does the light of any other illuminant. No noxious fumes 
are given off by this lamp, so that it is suitable for indoor 
illumination. 

The features characteristic of ordinary chemical carbon arcs — 
their great length and high luminosity — are also shared by an 
interesting tjpe of arc lamp invented by C. P. Steinmetz, and 
known as the magnetite arc lamp. This lamp has been used to 
some extent in the United States. The upper positive electrode 
consists of a large block of copper, which only reaches a moderate 
temperature, is not consumed, and forms a permanent part of 
the lamp. The negative electrode consists of a rod of magnetite 
(the magnetic oxide of iron, Fes O4), mixed with salts of chromium 
and titanium for the purpose of increasing its life and improving 

* Journal of the InttUtUion o/Meetrieal JSngineers, vol. xxzvii., p. 6 (1906). 
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the efficiency of the arc. The magnetite electrode is consumed 
very slowly — ^at a rate not exceeding about J inch per hour. 
The arc is from f inch to 1 inch long, and emits a dazzling 
white light, closely resembling daylight. The magnetite rods are 
from i inch to f inch in diameter. The lamp takes 4 amperes 
at 80 volts. It has a very high efficiency, but — like the flame 
arc lamps employing chemical carbons — is unsuitable for indoor 
illumination, a fine smoke being given off daring the burning of 
the arc. 

S 169. Mercury Vapour Lamps. 

A form of lamp which has found a limited application in 
practice is the mercury vapour lamp. In this the arc is 



4-5Mrfl«DMCTUK 




♦-TIITINC CHAIN 



AS8CST0S-LINCD CUMP^ 

LAMP8LACRCD CATMOOC I 



Fio. 146. — Cooper-Hewitt mercury yapoar lamp. 



established through a long column of mercury vapour. The 
light comes from the glowing vapour, and not from either 
electrode. This lamp is remarkably efficient, but owing to the 
preponderance of rays in the green and violet regions of the 
spectrum it is unsuitable for purposes of general illumination, 
the effect produced being too ghastly. For photographic work, 
drawing offices, &c., it is, however, a very suitable and cheap 
form of illuminant. 

One form of mercury vapour lamp — the Cooper Hewitt lamp — 
is shown in Fig. 146. It consists of a long glass tube (about five 
feet long) with expansions at the ends which contain the 
electrodes. The anode is a cup of iron, and the cathode a pool 
of mercury. The tube is about one inch in diameter. In the 



262 



CX)NTlNtJOtrS CtTERENT ENGHNEERlNa. 



IRON PLUNGCR 



course of manufacture the tube is carefully exhausted before 
being sealed up. It is attached to a supporting metal tube 
through which pass the connecting wires, and which is pivoted 
at its middle as shown in the figure. Normally, the tube 
occupies the inclined position shown. In order to start the lamp, 
the tube is tilted by means of a chain, so as to cause some of the 

mercury contained 
in the cathode cham- 
ber to run down the 
tube in a fine stream. 
As soon as the mer- 
cury reaches the 
cathode, momentary 
metallic connection 
is established be- 
tween the elec- 
trodes, allowing a 
current to pass. 
Immediately after- 
wards the mercury 
thread breaks, start- 
ing the arc, which 
soon fills the entire 
tube. As soon as 
the arc has been 
started the tube is 
released, and the 
mercury flows back into the cathode chamber. A steady- 
ing resistance is connected in series with the vapour tube. 

In a form of mercury vapour lamp due to C. Orme Bastian,* 
the tube (which is much shorter and smaller in diameter) is 
similarly attached to a pivoted frame, but the tilting operation 
is effected automatically by means of a solenoid which sucks in a 
plunger attached to one side of the frame supporting the lamp 
tube. The essential parts of the Bastian lamp are shown in 
Fig. 147. In order to improve the quality of the light, an 
ordinary incandescent lamp is placed above the mercury vapour 
tube. When not in use the rocking frame occupies the position 
shown in the figure, the mercury completely filling the horizontal 

* Tke Electrioian, toI. lil, p. 893 (1904). 
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portion of the tube and thus short-circuiting the lamp (the 
mercury levels are indicated by the dotted lines in the figure). 
When the current is switched on it flows as indicated by the 
arrows ; the coil sucks in its plunger and tilts the frame until ifc 
comes against the lower stop. The tube is swung round through 
a sufficient angle to cause the mercury to break at the right-hand 
end of the tube, an arc being thereby started. The pressure due 
to the mercury vapour which is immediately produced drives the 
mercury into the left-hand vertical limb of the tube, and when 
the mercury reaches the platinum wire sealed into the side of this 
tube, it short-circuits the starting resistance (the function of this 
latter is to limit the starting current). The tube is, of course, 
maintained in the inclined position by the magnet as long as 
the lamp is burning. 

Quite recently attempts have been made to improve the 
quality of the light given out by a mercury vapour lamp by using 
electrodes consisting of an amalgam of zinc, sodium and bismuth.* 
Such lamps have not, however, as yet been sufficiently perfected 
for commercial purposes. 

S 170. Carbon Filament Incandescent Lamp, 

The oldest and best known form of incandescent lamp is the 
carbon filament lamp. This consists of a thin filament of carbon 
enclosed in a vacuous bulb of glass. The vacuum must be very 
perfect to prevent oxidation and consequent destruction of the 
filament when raised to a high temperature. By applying a 
sufficient voltage across the terminals of the lamp the filament 
is raised to a white heat and emits light. 

The process of manufacture of an incandescent lamp is briefly 
as follows: — Pure cotton wool (which consists mainly of 
cellulose, €5 Hio O5) is dissolved in a solution of zinc chloride to 
form a highly viscous liquid. This liquid is then squirted 
through a tube with a sufficiently fine opening into a vessel con- 
taining alcohol. The issuing cellulose thread is allowed to 
remain in the alcohol for three or four days, during which time 
it becomes thoroughly hardened. It is then washed, wound on 
a large cylinder, and allowed to dry. The next process consists 
in cutting the thread into suitable lengths, and winding these on 

• The Electrician, vol. Ivii., p. 59 (1906). 
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carbon frames or formers, which give the threads the shape of 
the finished filament. The formers are then packed in plumbago 
crucibles fitted with lids so as to exclude air, and are carbonised 
in a furnace which is raised to a very high temperature. The 
hydrogen and oxygen of the cellulose are thereby driven away, 
and a thread of pure carbon of great hardness is left. The 
filaments are now attached to the platinum leading-in wires : the 
ends of the latter are first formed into a tiny tube, into which 
the filament end is inserted, the tube being then tightened with a 

pair of tweezers : 
the joint is ren- 
dered mecha- 
nically and 
electrically per- 
fect by deposit- 
ing carbon on it 
— an operation 
performed by 
completely im- 
mersing it in 
benzene, and 
raising it to a 
white heat by 
sending an elec- 
tric current 
through it. The 
filaments are 
next rendered 
uniform by the 
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flashing process, which consists in placing them in an atmosphere 
of benzene vapour and sending a current through them sufiScient 
to cause incandescence; the thinner portions of the filament having 
a higher resistance, and hence being at a higher temperature than 
the thicker ones, have carbon deposited on them (by the decom- 
position of the benzene vapour by heat) more rapidly, so that 
finally a perfectly uniform filament is obtained. This filament is 
sealed into a glass bulb, which is thoroughly exhausted. The 
ends of the platinum wires projecting outside the bulb are 
soldered to tinned copper wires, and the latter are soldered to 
the brass contact-plates by means of which contact is established 



CONTINUOUS OUERENT ENGINEERING. 255 

with the contact-pins in the lampholder. The copper wires and 
the brass contact-plates are embedded in some form of insulating 
cement which is surrounded by a brass ring^ provided with two 
diametrically opposite pins to fit the bayonet-joint in the lamp- 
holder. The material used in forming the '' cap " of the lamp 
is in some cases plaster of Paris, but as this is highly hygroscopic 
and hence a poor insulator, and loses its hardness at high 
temperatures, it is not always satisfactory, and various other 
substances are used in its place (especially if the lamps are to be 
capable of withstanding moisture), such as a mixture of litharge 
and glycerine, or some vitreous substance. 

In order to prevent the possibility of the formation of an arc 
across the lampholder contact-pins, these pins should be 
separated from each other by an insulating barrier. The con- 
struction of a typical high-voltage lampholder will be understood 
by reference to Fig. 148. The contact-pins are, it will be noticed, 
separated by an S-shaped plate of porcelain which effectively 
prevents any possibility of arcing. 

§ 171. Nemst Lamp. 

The light-giving efficiency of the ordinary carbon filament 
lamp not being very high, various other forms of incandescent 
lamp have been tried, and some of these are in extensive use. 
One of the most successful of these is the Nernst lamp. The 
light-emitting rod, " burner," or "glower" of this lamp consists 
of a mixture of highly refractory materials — mainly the oxides of 
thorium and zirconium — and since these are incombustible, the 
burner is freely exposed to the air, instead of being enclosed in a 
vacuous bulb. A serious difficulty connected with this lamp — 
which complicates its construction, increasing the cost of manu- 
facture, and which prevents the lamp from lighting up 
immediately the current is switched on — ^is the fact that at 
ordinary temperatures the burner is non-conducting, and before 
the lamp can be made to start, the burner must be raised to a 
high temperature. This preliminary heating up of the burner is 
effected by means of a " heater," consisting of a spiral of very 
fine platinum wire wound on a thin rod of porcelain, and provided 
with a thin external coating of porcelain. Owing to the con- 
siderable length of the platinum spiral, the porcelain rod which 
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supports it mast itself be either wound into a spiral, or arranged 
zig-zag fashion. In Fig. 149 are shown three distinct types of 
Nernst burner. The earliest arrangement is that shown at (a), 
where the burner or glower consists of a short straight rod, 
around which is arranged the heater, which is in the form of a 
spiral having the glower for its axis. Since — as will be explained 
presently — the heater circuit is automatically interrupted as soon 
as the glower becomes sufficiently conducting, the design shown 
at (a) suffers from the disadvantage that a considerable portion 
of the glower is screened by the heater when the lamp is in use, 
and an appreciable amount of light is thereby lost. In order to 




Fig. 149. 



(SLOWER- 

(c) 
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overcome this difficulty, designs were developed at a later date in 
which the glower is freely exposed along its entire length. One 
such design is shown at {b). This is intended for lamps of high 
candle-power. The glower is supported in a horizontal position, 
and immediately above it is arranged the heater, which is fixed 
close against the lower surface of a porcelain block. Another 
design of a similar type is shown at (c). This is intended for use 
in the smallest sizes of lamp. The heater takes the form of a 
flattened spiral, and the glower is U-sbap©<i> and placed 
immediately outside the heater at its middle. 

The burner of a Nernst lamp has a comparatively large nega- 
tive temperature-coefficient, and hence would be liable to destruc- 
tion by a momentary increase of voltage if not suitably protected. 
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The protective device is represented by a resistance having a 
large positive temperature coefficient, and takes the form of fine 
iron wire spirals enclosed in a small glass bulb filled with hydrogen 
(§ 50, Fig. 82). This steadying resistance absorbs some 7 or 8 
per cent, of the total voltage. It is 
contained in the upper part of the 
lamp case. 

The connections of a Nemst lamp 
are shown in Fig. 150. When the 
switch is first closed no current can 
pass through the glower, but there 
is a path open to it through the arma- 
ture spring of the cut-out magnet, 
the contact-pin which presses against 
it, and the heater. After an interval 
which, according to the size of lamp, 
varies from half a minute to one 
minute, the glower has acquired suffi- 
cient conductivity to take a current large enough to actuate 
the cut-out magnet, which attracts its armature, thereby auto- 
matically disconnecting the heater. The current now flows 
through the coil of the cut-out magnet, the steadying resistance, 
and the glower. The cut-out magnet, which is a very tiny affair 
(not one inch in length), is mounted on the top of the porcelain 
block supporting the terminal plugs. These plugs fit into sockets 
which project from the upper surface of the porcelain block on 
which are mounted the glower and heater. 
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Fio. 150. — Connections of Nemst 
lamp. 



§ 172. Metallic Filament Incandescent Lamps. 

It has been found that by constructing the filament of an 
incandescent lamp of certain metals, the efficiency may be raised 
much above that of the carbon filament lamp. A great deal of 
attention has recently been given to such metallic filament lamps, 
and one of them, at least — the tantalum lamp — has come largely 
into use. The metals which have been found suitable for use in 
incandescent lamp filaments are tantalum, osmium, and tungsten 
(or wolfram). 

Two important differences may be mentioned between the 
physical characteristics of metallic filament and those of carbon 

O.O.B. 8 
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filament lamps. The first is the much lower resistivity of the 
metallic filament, in consequence of which a much greater length 
of filament is required for a given voltage. The length becomes 
so great for the voltages commonly in use — which are, as a rule, 
not less than 200 volts — that it is found altogether impracticable 
to construct metallic filament lamps for such voltages. The only 
possible alternative is to run two or more lamps in series. This 
fact seriously handicaps the metallic filament lamp, as the use of 
single lamps is practically excluded on our present high-voltage 
circuits."*^ Another respect in which the metallic filament lamp 
differs from its carbon rival is its large positive temperature 

coefficient. The resistance 
of a carbon filament lamp 
when cold is about one and 
three - quarters times its 
resistance when fully in- 
candesced. But the resist- 
ance of a metallic filament 
lamp when cold is only a 
small fraction (about ^ for 
the tantalum, and | for the 
osmium lamp) of its resist- 
ance when hot.t At the 
instant of switching on, 
therefore, there will be a 
very large initial rush of 
current in the case of metallic filament lamps, while in the case 
of carbon filament lamps the initial current will be much less 
than the normal one. On the other hand, a carbon filament 
is more liable to be destroyed by an increase of voltage, as this 
causes a decrease of resistance, and a very rapid increase of 
current ; while a metallic filament lamp is, owing to its positive 
temperature coefficient, better able to withstand an abnormal 
rise of voltage. 

Up to the present the greatest amount of success has been 
achieved by the tantalum lamp. The metal is obtained in the 
form of a powder by the reduction of potassium tantalo-fluoride; 

* The advisability of lowering the voltage of supply has been suggested with a 
view to facilitating the introduction of the high-efficiency metallic filament lamps, 
t The Electrician^ vol. Iviii., p. 319 (1906). 
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it is then melted in vactu), which has the effect of expelling the 
occluded gases, and yielding the metal in a form which admits of 
its being drawn into fine wire. In order to get the necessary length 
of filament into a bulb of reasonable size, the wire is arranged 
zig-zag fashion on a series of wire hooks projecting from 
two glass discs supported by a central column of glass, as 
shown in Fig. 151. Tantalum lamps are not made for voltages 
exceeding 125. 

The preparation of the osmium lamp filament presents very 
great difficulties. The filament is first made by passing through 
a die a paste made by mixing finely divided osmium with an 
organic binding medium; it is then dried and carbonised in 
vacuo, and reduced to pure osmium by heating it in an atmos- 
phere of water vapour and reducing gases. The filament is 
extremely brittle when cold (unlike the tantalum filament), so 
that it cannot be bent. When raised to the temperature of 
incandescence it softens greatly, and for this reason requires 
supports or anchors; for the same reason the lamp can only 
be used in a vertical position. The highest voltage for which 
the lamps are made is 75. A zig-zag type of construc- 
tion such as that adopted in the case of the tantalum lamp 
is impossible owing to the brittleness of the filament when 
cold. 

The tungsten filament lamp, of which several varieties have 
been constructed, has not yet been placed on the market. 



§ 173. Prices of Arc and Incandescent Lamps. 

The prices of arc lamps vary a good deal, according to the size 
and type. Miniature arc lamps of either the open or enclosed 
type, taking only 2 amperes, are obtainable for about £2 10«. 
Open and enclosed lamps and fiame lamps taking from 5 to 15 
amperes cost from £4 to £8 or more. The price of ordinary arc 
lamp carbons varies from about ^d. per foot for carbons 6 mm. 
in diameter to l^d. for carbons 15 mm. in diameter. Chemical 
or flame carbons are much more expensive. Thus 10 mm. fiame 
carbons would cost about 2d. per foot, whereas the corresponding 
price for ordinary carbons would be about Id. Mercury vapour 
lamps cost from about £2 upwards. 

s2 
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The price of ordinary incandescent lamps with carbon filaments 
varies from 9d. upwards. The smallest size of Nernst lamps 
(J ampere) costs 6«., the intermediate sizes from Is, 6d. to 17«. 6d., 
and the largest size (1 ampere) about £1. Tantalum lamps at 
present sell at 2$. 9d. Osmium lamps cost from As. to 7s. 6d. 
each, according to the voltage. 



CHAPTER XV. 

§ 174. Visible and invisible radiation — § 170. Luminous intensity—^ 176. Photo- 
metric units — § 177. Practical standards of luminous intensity — § 178. Law 
of inverse square. Lambert's law — § 179. Units of luminous flux and illumina- 
tion— § 180. Photometric measurements. Photometers— § 181. Lummer- 
Brodhun photometer — § 188. Flicker photometer — § 188. Ulbricht's globe 
photometer — § 184. Trotter's illumination photometer— § 186. Efficiency of 
luminous sources — § 188. Distribution of intensity— § 187. Rousseau's con- 
struction — ^ 188. Mean hemispherical intensity — § 189. Rating of lamps. 
Reduction factor — § 190. Useful life of lamps. 

§ 174. Visible and Invisible Badiation. 

The energy sent out into space by any luminous source 
consists partly of luminous or visible radiant energy, partly of 
invisible radiation. The difference between the various kinds of 
radiant energy, and the different colours of the visible part of it, 
is a difference of wave-length,* the nature of the wave-motion 
which constitutes radiation being the same in each case. Colour 
in light is analogous to pitch in sound; and just as there are 
notes whose pitch is either too high or too low to render them 
audible, so there are light-waves whose wave-length is either too 
great or too small to affect the human eye. 

In photometry we are concerned not with the total rate 
at which energy is being radiated by a given source, but with 
the rate at which the source radiates luminous or visible energy, 
and we restrict our attention entirely to the particular range of 
wave-length which corresponds to visibility. This range of wave- 
length is spoken of as the visible spectrum. In most cases the 
visible part of the radiation constitutes but a small fraction of 
the total radiation. Thus the luminous radiation emitted by an 
ordinary incandescent lamp is only about *6 per cent, of the 
total radiation, t From this it will be understood that our present 

* The waves corresponding to red have a wave-length of about 76 X 10-^ cm. 
As the colour changes through orange, yellow, green, blue and indigo to violet, the 
wave-length decreases to about 38 X 10-^ cm., beyond which limit the waves cease 
to afEect the eye. 

t According to recent determinations by J. Russner (PhynkaXUche Zeitschrlft, 
vol. viii., p. 120 (1907)), the percentages which the visible radiation forms of the 
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methods of artificial illumination are extremely wasteful, since 
the production of the luminous radiation is accompanied by that 
of a much more powerful non-luminous radiation, this latter 
being entirely useless so far as purposes of illumination are 
concerned. 

§ 175. Luminous Intensity. 

The luminous intensity of a given source is the rate at which 
the source is sending out luminous energy — i.e., radiant energy 
comprised within the limits of wave-length corresponding to 
visibility. At first sight it might appear (and theoretically such 
is the case) that the simplest unit of luminous intensity would 
be the unit represented by a source which radiates a unit (say, 
one erg) of luminous energy per unit (say, a second) of time. 
But such a unit would be awkward to use in practical photometric 
measurements, owing to the difficulty of embodying it in a suit- 
able practical standard. Hence the units of luminous intensity 
employed in practice are represented by various arbitrary 
standards, selected mainly with reference to their reliability from 
the point of view of constancy. If we imagine a spherical surface 
described around any given source as centre, and consider the 
amount of luminous energy which passes through a unit area of 
the surface per second, then it will be found that this depends on 
the position of the unit area relatively to the source. Along 
some directions the luminous energy incident per sec. on the 
unit area will be much greater than along others. The source 
is in such cases said to be non-uniform, or its intensity is said to 
vary along different directions. All sources used in practice are 
of this type. If we next imagine an ideal uniform source (i.e., 
one which would radiate the same amount of luminous energy 
per sec. to a unit of area, wherever this area might be placed on 
the surface of a sphere described around the source as centre), 
and if the actual and ideal sources be so related that each 
radiates the same total amount of luminous energy per sec, then 
the intensity of the uniform source represents what is known 
as the mean spherical intensity of the actual source. 

Owing to the fact that no actual source is uniform, it is 

total are as follows in the different types of incandescent lamp examined : — carbon 
filament, *68 to *61 per cent. ; tantalum filament, 2*2 per cent. ; osmium filament, 
2'8 per cent. 
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evident that when using any given source as a standard, it is 
necessary to specify the direction along which the radiation is 
supposed to correspond to standard intensity. This direction is 
generally taken to lie in a horizontal plane passing through the 
source, and if the source is symmetrical about a vertical axis, no 
further specification is necessary ; but in cases where there is no 
such symmetry, the exact direction with reference to the source 
must be specified. 

§ 176. Photometric Units. 

The total luminous energy radiated by any source per second, 
or the total rate at which luminous energy is being sent out by 
the source, is conveniently spoken of as the total luminous flux 
emitted by the source, and from what has been said above it is 
evident that the total luminous flux is directly proportional to 
the mean spherical intensity of the source. The total 
luminous flux is frequently, but erroneously, termed the total 
"quantity of light" emitted by the source. This latter term 
should be restricted to denote the product of luminous flux into 
time (which corresponds to the luminous energy sent out by the 
source during the time considered). 

The luminous energy received per second by any surface is 
termed the luminous flux incident on that surface. The 
luminous flux per unit of area of a surface at any given point is 
defined to be the illumination of the surface at that point. 

The brightness* of a luminous surface is its luminous intensity 
per unit of area in a direction normal to the surface. 

It is important to distinguish brightness from illumination. 
A dead-black surface may be very strongly illuminated — i.e., it 
may be receiving a very large amount of flux per unit of area — 
and yet its brightness may be quite negligible, since the flux is 
almost entirely absorbed. 

The most important units of luminous intensity in use at the 
present time are the British candle^ the Hefner unit, and the bougie- 
decimale. The relations connecting these units are as follows : — 
1 Hefner unit = '92 British candle, t 
1 bougie-decimale = 1 British candle. 

• Sometimes termed intrinsic brilliancy, 

t According to the most recent determinations ; the value commonly accepted 
until quite recently was '88. 
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§ 177. Practical Standards of Luminous Intensity- 

The unit of intensity known as the British candle is, in spite 
of its name, no longer represented by an actual candle, as 
candles have been found to be altogether too variable for 
use as accurate standards. In Fig. 152 is shown a form of 
pentane standard, devised by Simmance and Abady, whose 

intensity in a horizon- 
tal direction represents 
two candles. The 
combustible is pentane 
(CsHm) vapour. Liquid 
pentane is poured into 
the annular space of 
the cylindrical reser- 
voir shown in the 
figure, through a side 
opening which is then 
closed tightly with a 
plug. Pentane evapo- 
rates very readily, and 
as its vapour is heavier 
than air, it falls down 
the vertical tube 
attached to the reser- 
voir, at the same time 
suckmg in air through 
the top air inlet. The mixture of air and pentane vapour descends 
to the horizontal tube, which is fitted with a regulating stop-cock, 
and then ascends to the steatite burner* ; the latter is of very 
simple form, consisting of a cylindrical plug perforated by a 
single central hole. The correct height of flame is indicated by a 
platinum wire, and the flame is, by means of the regulating stop- 
cock, adjusted to just touch the wire. 

The Hefner unit is represented by the intensity, in a 
horizontal direction, of a standard form of lamp, known as the 
Hefner lamp, which burns amyl acetate (C7 H14 Oa).+ This lamp 

* steatite, French chalk, or soapstone, is a silicate of magnesium having the 
composition Mgg Sis Oe, 2H9O. 

t Amyl acetate (pear essence) is prepared by distilling fousel oil (obtained in the 
distillation of spirits from fermented grain or potatoes) with acetic and sulphuric 
acids. It is characterised by its fruity, pear-like odour. 



Fig. 
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162. — Simmance- Abady pentane standard. 
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18 shown in Fig. 158. The combustible is contained in a 
cylindrical bronze vessel whose inner surface is tinned. The 
wick consists of a number of cotton strands laid together quite 
loosely, and passes through a German silver tube. It may be 
raised or lowered by means of toothed wheels which pass through 
the sides of the tube and bite into the wick. The wheels are 
rotated simultaneously in opposite directions by the double 
worm-wheel mechanism clearly shown in the figure. A gauge 
is provided for acijusting the height of the flame. There is 
h.irdly any consumption of 
the wick if the lamp is in 
proper working order. 

As compared with the 
pentane standard, the Hef- 
ner lamp has the disadvan- 
tage of yielding a much 
redder light, which renders 
it less convenient for use 
when measuring the inten- 
sity of sources giving a 
white light. 

For many purposes, a 
standard whose intensity 
is only one or two candles 
is somewhat too feeble 
when the source of un- 
known intensity to be com- 
pared with the standard is ^^o. 163.— Hefner lamp, 
very powerful. Hence in practical photometry various sources 
of greater intensity are frequently employed. One such source 
is. the Vernon Harcourt 10-candle pentane lamp. The general 
arrangement of this is similar to the 2-candle pentane standard 
already described, but the lamp is of more elaborate construction. 
Another standard, which, however, is only a secondary or 
auxiliary one, and which requires re-standardisation at intervals 
by comparison with a primary standard, is an incandescent lamp 
supplied at a definite accurately measured p.d. Dr. Fleming 
has introduced a form of this standard in which the carbon 
filament is contained in a much larger bulb (six or eight inches 
in diameter) than that ordinarily used. The filament is first 
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mounted in an ordinary bulb, and run for about 100 hours at 
5 per cent, above its normal p.d. It is then transferred to 
the larger bulb ; this treatment renders the intensity of the lamp 
constant (for a given p.d.) over considerable periods.* As the 
intensity, in a horizontal plane, of an incandescent lamp varies 
in different directions, it is necessary, in employing this standard, 
to use the intensity along a perfectly definite direction in a 
horizontal plane through the lamp (the axis of the lamp being, as 
usual, vertical). 

§ 178. Law of Inverse Square. Lambert's Law. 

Let in Fig. 154 S represent a given source of light, and let a 
cone of small angle be described whose vertex is at the source. 

It is clear that owing 
to the rectilinear pro- 
pagation of luminous 
flux in a homogeneous 
medium, any flux sent 
into the cone in the 
neighbourhood of its 

Fig. 1 54.— To iUustrate law of inverse squares. *P®^ ^^^' ^^^^^^^ 

within the cone, and 
if the medium is non-absorbent, then the same amount of flux 
must cross each section of the cone, wherever this section may 
be situated. Hence, considering two parallel plane sections, 
a and A, normal to the axis of the cone, we see that if F denote 
the flux contained within the cone, the illumination of the two 

sections will be - and £, since (§ 176) illiimmation is flux 
d A. 

per unit of area. But since the areas are directly as the squares 

of their distances from the vertex of the cone, it follows that the 

illuminations of a and A are to one another as ^ : ^^^ = L^: P, 

or the iUumination of any area normal to the fliix varies (along a 
given direction) inversely as the square of its distance from the 
source. This laiv of the inverse square forms the foundation of all 
photometric measurements. 

• J. A. Fleming, Handbook for the Meetrieal Laboratory and Testing Soom^ vol. iii. 
p. 260 ; also Journal of the Institution of Electrical Engineers, vol. xxxviii., p. 301 
(1907). • 
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Imagine a small plane surface of area ai (Fig. 155) which 
receives a certain laminous flux, f, the surface being normal to 
the direction of the flux. The illumination of the surface is fjai. 
Imagine next that the surface is withdrawn, and for it substituted 
a plane surface of area oa, which is such that the whole of the 
flux / formerly incident on ai is now received by Os. The 

illumination of the surface Os is fla^ = ^5??— , where is the 

ai 

angle between the two surfaces, or the angle between the direc- 
tion of the flux and the normal to the surface o^. From this we 
see that the illumination of a surface whose inclination to the 
direction of the flux is varied is proportional to the cosine of the 
angle between the normal to the surface and the direction of the 
flux. 

The brightness (intrinsic brilliancy) or luminous intensity 
per unit of area of a 
surface which is either — — — ►- 



self-luminous or which 

emits light by diffuse a>J'' d^y' 

reflection, depends on ^_£L!I^' 

the direction along \/' 



which the intensity is yiq, 165.-Effect of obliquity on iUumination. 

considered, and is found 

to vary directly as the cosine made by the given direction with 
the normal to the surface. This law (which, however, is only 
approximately true) is known as LarnherVs law or the cosine law. 

§ 179. Units of Luminous Flux and Illumination. 

If we imagine a perfectly uniform source, i.e., one having the 
same intensity along every direction, and if we suppose a sphere 
of unit radius described around this source as centre, then, 
assuming that the intensity of the source is unity, the luminous 
flux incident per unit area of the sphere is taken to represent the 
unit of luminous flux. It has been proposed to term the unit of 
luminous flux a lumen. Since the total area of a spherical 
surface of unit radius is 4ir, it follows that a uniform source of 
unit intensity emits 4?r units of luminous flux. The illumination 
of the spherical surface of unit radius under the above conditions 
is, in accordance with the definition of illumination, clearly 
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unity, since the total flux through the surface is 4^, and the area 
of the surface is also 4ir. It has heen proposed to term the unit 
of illumination a lux. 

In dealing with British units, it has been customary to take the 
candle as the unit of intensity, and the foot as the unit of length. 
The unit of illumination is then known as a candle-foot. We 
might define a candle-foot as the illumination of a surface, every 
point of which is at a distance of one foot from a source of 
intensity equal to one candle, the surface being everywhere 
normal to the rays.* 

In France, the hotLgie-metre and carcel-metre have been used as 
units of illumination. The former unit is about one-tenth of the 
latter. I Since the boiuiie-deciinale is practically equivalent to the 
British candle, it follows that the candle-foot is equivalent to 
about 10*8 bougie-metres, or to about 110 carcel-metres. 



§ 180. Photometric Measurements. Photometers. 

The problems which most commonly arise in photometry are 
the following: (1) The comparison of the luminous intensity, 
along any given direction, of some unknown source with the 
intensity of a given standard ; (2) the determination of the total 

luminous flux, or the mean spherical intensity (= -_ x lumin- 

ous flux, § 179) of a source; (3) the determination of the 
illumination at a given point or points of a surface. The first 
measurement is effected by means of some form of apparatus 
known as an intensity photometer, or photometer simply ; the 
second involves the use of an integrating photometer or lumen- 
meter; while the instrument employed in connection with the 
third measurement is known as an illumination photometer. 

* The reader may be helped towards a clearer understanding of the relationship 
of the various photometric units by considering their analogy to the corresponding 
magnetic units. Luminous intensity corresponds to pole-strength. A unit pole 
gives rise to a magnetic flux of iv lines ; a unit (uniform) source produces 4T units 
of luminous flux. Magnetic flux density or induction corresponds to luminous flux 
density or illumination. The unit of luminous flux might be defined as the flux 
emitted by a unit source per unit solid angle. 

t The Carcel unit is represented by an oil lamp — the Carcel lamp — provided with 
an Argand burner, and burning weU-purified rape-seed oil. 1 carcel =: 9*8 
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Photometers for the comparison of the intensities of two 
sources are based on the law of the inverse square (§ 178). 
Numerous forms of this type of instrument have been devised, 
but the general arrangement in most cases is as shown in 
Fig. 156, The two sources under comparison, So and S, are 
arranged at the ends of a table provided with a graduated scale 
along which may be slid a screen whose plane is normal to the 
line joining So and S. Such a table or bench is known as a 
photometiic bench ; the screen, which in some cases is entirely 
opaque and in others translucent, is enclosed in a box known as 
the photometric box, which is provided with suitable apertures for 
admitting the fluxes from the two sources and enabling the 
observer to see the appearance of the two sides of the screen. 
The position of the screen is varied until its two surfaces 
appear equally 

illuminated. g .^rcen S 

When this is the i' r--pA*<wo(roMETRic box . 

case we must bv — j pa—r— — j l ■ — ^^ M^__ 

the 'law of the T__ L J^^^^^ 
inverse square, »^' C "^ ' ^ " ^ 

y. _ ___ S So Fio. 166. — General arrangement of photometer. 

^""^^ F - Po' 

where S and Sc are taken to represent the intensities of the 

unknown and the standard source respectively. 

Hence S = f^ So- 

The differences between the various kinds of intensity photo- 
meters consist in the different methods adopted to enable the 
observer to judge of the relative illumination of the two sides of 
the screen. 

§ 181. Lummer-Brodhun Photometer. 

One of the most accurate forms of intensity photometer is that 
devised by Lummer and Brodhun, and illustrated in Pig. 157. 
The screen is of an entirely opaque white material (plaster of 
Paris or magnesia). Some of the light diffused by each side of 
the screen is received by a plane mirror (or totally reflecting 
prism), and after regular reflection passes into the combination 
of two prisms shown in the figure. One of these is an ordinary 
prism, while the other (P) has portions of its largest surface 
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roughened or " frosted '* by a sand-blast, the remaining portions 
being in optical contact with the surface of the other prism. 
Consider first the light coming from the left-hand side of the 
screen. On reaching the surface of contact of the two prisms, 
the light will freely pass through those portions of P's surface 
which are in optical contact with the right-hand prism, and so 
will enter the small telescope and reach the eye of the observer. 
But over the frosted portions of P's surface the light will be 
irregularly reflected or diffused, and will be prevented from pass- 
ing into the right-hand prism. Thus the only light reaching the 
observer from the left-hand side of the screen is that passing 

through the clear 
"* or optically worked 

portions of P's 
surface. Consider- 
ing next the light 
coming from the 
right-hand side of 
the screen, we see 
that on reaching 
the common sur- 
face of the two 
prisms the light 
will be freely trans- 
mitted through the 
portions of thesur- 
FiG. 157.~Lnmmer.Brodhun photometer. f^^^ corresponding 

to optical contact, and will not reach the eye of the observer ; 
while over those portions of the surface which are opposite, but 
not in actual contact with, the frosted' parts of P, total reflection 
will occur, and the light will be received by the observer. 

To the observer, therefore, the field of view of the telescope 
appears divided into four regions, two trapezoidal and two 
peripheral regions. Of these, one trapezoidal region and the 
peripheral region not immediately adjacent to it are illuminated 
by light from the left-hand side of the screen, while the remain- 
ing two regions are illuminated from the right-hand side of the 
screen. If the instrument were used in this simple form, then, 
corresponding to equality of illumination of the two sides of the 
screen, the four regions of the field would merge into a single 
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uniformly illuminated field. The accuracy of the adjustment 
may, however, be increased by using, in addition to the principle 
of equality of illumination, another principle : that of equality of 
contrast. This is done by placing two glass slips against the 
sides of the prisms as shown, so that the light corresponding to 
either trapezoidal region suflFers greater absorption than that 
coming from the peripheral regions. The appearance presented 
in the position of balance is now a uniformly illuminated field 
with two darker trapezoidal patches standing out against it, and 
the observer is guided partly by the more or less complete fusion 
of the peripheral regions, partly by equality of contrast between 
each trapezoidal patch and the peripheral region immediately 
surrounding it. It will be noticed that there is no physical line 
of demarcation between the different regions — a fact which 
materially contributes to the accuracy of the adjustment. 




§ 182. Flicker Photometer. 

Another type of photometer which has recently come into 
favour is the flicker photometer. The particular form to which 
Fig. 158 refers has been devised by Simmance and Abady. The 
name of the instrument is due to 
the fact that balance is obtained 
by adjusting the position of the 
photometric box so as to cause 
the flickering appearance of the 
screen to disappear. The essen- 
tial part of the instrument con- 
sists of a rotating opaque white 
screen of special shape, driven 
by clockwork or a small electric 
motor. The two intersecting 
curved surfaces forming the edge of the rotating disc are the 
surfaces of two cones whose axes are parallel to the axis of 
revolution of the disc, but are at equal distances from, and on 
opposite sides of, it. Fig. 158 shows four positions of the disc 
as seen by the observer, the consecutive positions representing 
angular displacements of one-quarter revolution. The curved 
surface of each cone is illuminated by the light coming from 
one of the sources under comparison only. If the illuminations 





Fio. 158. — Rotating disc of flicker 
photometer. 
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are unequal, then since the line of intersection of the two 
surfaces during the rotation of the disc appears to travel to 
and fro, a flickering appearance will be presented by the edge 
of the disc. The position of the photometer box is adjusted 
until the flicker as nearly as possible disappears. 

A serious diflSculty encountered in most photometric measure- 
ments is thediferenceofcoUfurot the two sources under comparison. 
If the colour difference is very great, it is difficult to estimate 
equality of illumination of the two surfaces with any degree of 
certainty. One of the main advantages of the flicker photo- 
meter is that the colour difficulty is to a large extent eliminated. 



§ 183. Ulbricht's Globe Photometer. 

For the measurement of the mean spherical intensity, various 
photometers have been devised. One of the best known is 
Ulbricht's Globe Photometer, shown in Fig. 159.* The source of 
light is hung at the top of a large globe (about 6 feet in diameter) 
constructed of plaster of Paris supported by a wire and wire 
gauze framework. In some cases, sheet-metal hemispheres 
painted white with barium sulpliate on their inner surface have 
been used.! The globe is divided into two hemispheres by a 
diametral plane, which is most conveniently arranged to be 
vertical, as shown in the figure (sometimes a horizontal dividing 
plane has been used : this, however, is not so convenient). One 
of the hemispheres is fixed at the end of the photometric bench, 
and is provided with a circular observation window of milk-glass 
through which light passes out of the globe along the bench, 
while the other hemisphere is mounted on a truck running on a 
couple of rails. 

By means of two handles attached to the movable hemi- 
sphere, this may be wheeled away from the fixed hemisphere 
so as to give ready access to the metal disc from which the lamp 
is supported. The observation window is screened from the 

• The form of construction illustrated in Fig. 163 is due to M. Corsepius. See 
the EleJUrotechnUche Ztrttcthrift, vol. xxvii., p. 468 (1906). 

t According to E. Winkler (Schweizerhche EleJUrctechnische Zeit9chrift^ vol. iv., 
p. 110 (1907)), the best result is obtained by first coating the inner surface of each 
hemisphere with white enamel, and then giving it a double coating of zinc white 
mixed with unboiled milk. 
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direct light of the source by a screen which is large enough to 
give a safe margin of screening all round the window. 




Fio. 159. — Ulbricht'B globe photometer. 

The theory of this photometer is, briefly, as follows : Referring 
to Fig. 160, let S denote the source, which may be situated any- 
where inside the globe, and let 
r be the radius of the globe or 
sphere. Let a small area a, 
situated anywhere on the surface 
of the sphere, receive a luminous 
flux / from the source. Owing 
to the whiteness of the matt sur- 
face a large proportion of the 
incident flux will be diffusely 
or irregularly reflected, and the 
area a will itself act as a secondary 
source, sending out luminous flux 
to all portions of the spherical 
surface. The luminous inten- 
sity of the area a in a normal direction may be written k /, 
where A: is a constant whose value depends on the reflecting 

O.G E. T 




Fia. 160.— To Ulnstrate theory of 
globe photometer. 
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power of the surface. Consider now the illumination at any 
point P of the sphere due to the flux sent out by a. Since 
the intensity of a along the direction towards P is, by the 
cosine law (§ 178), kf cos By the illumination at P due to a is 

-^^—^ — X COS tf = -3 .fcos^O. Now smce cos 0= x-, we have 

k a^ k 

for the illumination at P due to a the value —^ X / X r-5= y-, ./, 

k 
and since —^ is constant, we arrive at the remarkable result 

that the illumination due to the flux reflected from a is uniform 
over the entire (sphere, and is proportional to the total flux inci- 
dent on a. A small area at P will in its turn act as a tertiary 
source, and, by the above reasoning, will again produce uniform 
illumination over the entire surface of the sphere. The final result, 
then, is that the flux received by the area a produces a certain 
uniform illumination o! the entire sphere, this illumination being 
proportional to the flux incident on a. Similar reasoning applies 
to every portion of the spherical surface which receives flux from 
the source, and hence we see that the total illumination of the 
sphere due to reflected flux is proportional to the total flux sent 
out by the source, and hence to the mean spherical luminous 
intensity of the source. 

It is to be particularly noted that it is not the total illumination 
at any point of the spherical surface that is proportional to the 
intensity of the source, but only that part of the illumination 
which is due to flux reflected from the remaining portions of the 
spherical surface. The total illumination is by no means uniform, 
as it includes, in addition to the illumination due to repeated 
reflections — which, as we have seen, is uniform — the illumina- 
tion due to the source, which is clearly a variable quantity, 
depending not only on the way in which the intensity of the 
source varies along different directions, but also on the position 
of the source inside the globe. Hence it is that in determining 
the intensity of the source it becomes necessary to screen the 
milk-glass observation window from the direct light of the source 
by means of a screen, as shown in Fig. 159. The luminous flux 
coming through the observation window will then be proportional 
to the mean spherical intensity of the source, and it only remains 
to explain how the absolute value of the mean spherical intensity 
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may be determined. This is most conveniently done by first using 
a source whose mean spherical intensity has previously been 
determined (by finding its intensity along a sufficient number 
of different directions) and then the source of unknown intensity, 
balance being in each case obtained against any suitable standard 
source. The intensities are inversely as the squares of the dis- 
tances of the photometric box from the standard in the two cases. 
In carrying out photometric measurements, it is extremely 
important to exclude all extraneous light. Hence the walls of 
the photometric room, its floor and ceiling, and, in fact, every 
surface in it (such as that of the photometric bench itself) should 
be painted dead black. 

§ 184. Trotter's Illumination Photometer. 

A very convenient form of illumination photometer, originally 
devised by A. P. Trotter, and subsequently improved by him in 
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Fig. 161. — Trotter's illumination photometer. 

conjunction with W. H. Preece, is shown in Fig. 161. Inside a 
rectangular box, which may be supported on a suitable tripod 
stand, are arranged a low-voltage incandescent lamp (supplied 
by a few secondary cells) and a movable hinged screen. The 
screen is illuminated by the lamp, and its illumination may be 
varied by altering its inclination (§ 178) ; this is done by means 

t2 
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of the link work shown in the figure.* Fixed at one end of the 
top of the box is a white cardboard diaphragm pierced with 
three star-shaped holes, through which the adjustable screen 
may be viewed. This diaphragm is illuminated by the external 
source or sources whose illumination in a horizontal plane at 
the point corresponding to the position of the photometer is 
required. By suitably altering the inclination of the screen 
while viewing it through the holes in the diaphragm, the two 
illuminations (of screen and diaphragm) may be made equal, 
in which case the star-shaped openings would l)ecome more 
or less indistinguishable. As, however, the illumination of the 
screen is not uniform (since different points of it are at different 
distances from the lamp), it is not possible to cause all three 
stars to disappear simultaneously, and the position of balance 
is taken to be that corresponding to the disappearance of the 
middle star. 

The instrument is graduated by producing known illuminationB 
of the diaphragm (by placing a source of known intensity at a 
known distance from it), and finding the corresponding positions 
of the handle which give balance. 

By placing the instrument on its side, so that the diaphragm 
occupies a vertical position, the illumination in any vertical plane 
may be determined. 



§ 185. Efflciency of Luminous Sources* 

The most rational way of expressing the efficiency of a luminous 
source is to state the luminous flux obtainable per unit of power 
as, e.g., the lumens (§ 179) per watt ; or, since the total flux is 
proportional to the mean spherical candle-power, as the m.s.c.p. 
(mean spherical candle-power) per watt. Unfortunately, it has 
become customary in practice to use the reciprocal of this ratio 
— the watts per candle — and to speak of this as the " efficiency " of 
the source. If watts per candle are considered, it is more correct 
to speak of them as the '' inefficiency " in order to prevent 
confusion. 

In the following Table are given the approximate luminous 

* The linkwork is designed so as to give an open scale. 
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inefficiencies of some of the more important types of electric 
lamps : — 

7\. .«.>/>/ 7^ m « TTtff ^ per mean 

Type of lamp, spherical candle-power. 

Ordinary arc lamp (clear globe) . . . . TS 

Cooper- Hewitt lamp '5 

Carbon filament incandescent lamp . 3 to 4*5 (according to size and 

voltage) 

Nemst lamp 1'5 to 2 „ „ 

Tantalum lamp) i .t 4.^ o.n 

Osmium lamp7 1 7 t« 2 

The candle-power of a carbon filament incandescent lamp 
varies approximately as the cube of the watts, and as the 6th 
power of the volts ; that of a tantalum or osmium filament lamp 
varies as the 2'6th power of the watts, and the 4*4th power of 
the volts. It will be noticed that the variation of candle-power 
with voltage is much less in the case of the metallic filament 
than in that of the carbon filament lamps. 



§ 186. Distribution of Intensity. 

The intensity of a given source varies along different directions, 
and the distribution of the intensity is a matter of great practical 
importance. In some cases — as, e.g., that of an ordinary arc 
lamp — the intensity is distributed symmetrically about an axis, 
and the law of distribution will be completely known if we deter- 
mine the distribution of the intensity in any plane passing through 
the axis of symmetry. Graphically the distribution of intensity 
in any plane may be conveniently represented by drawing a series 
of lines radiating from the point corresponding to the position of 
the source, and laying off along each line a length representing, 
to a convenient scale, the intensity along that direction. By 
joining the extremities of the lines we obtain a curve known as 
the polar curve of luminous intensity.* The typical form of polar 
curve for a naked arc is shown in Fig. 162, where it is repre- 
sented by the full-line curve B S. It will be noticed that the 
bulk of the luminous flux is directed downwards (the greater part 
coming from the crater). 

* This curve is sometimes also termed the cltaracteridic of the symmetrical 
source. 
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§ 187* Rousseau's Construction. 

If the polar curve of intensity for a source symmetrical 
about an axis is known, the mean spherical intensity is easily 
determined by a graphical method due to Rousseau. Bousseau*s 
construction is shown in Fig. 162. With as centre and any 
convenient radius, describe a semi-circle. The revolution of this 
about its vertical diameter would generate a spherical surface. 
Let the diameter be divided into any convenient number of equal 
parts, and through each point of division let a plane be drawn 

which is perpendicular to the diameter. 
The spherical surface will thereby be 
sliced up into a number of parts of 
equal area, and if the sub-division has 
been carried sufficiently far, the mean 
illumination of each slice of the spheri- 
cal surface surrounding the source may 
be regarded as equal to the illumination 
along the circle bisecting the slice. If, 
for instance, P be the middle point of 
AB, where A B represents one of the 
equal parts into which the diameter has 
been divided, and if a plane perpen- 
dicular to the diameter be drawn through 
P, then the mean illumination of the 
slice of the spherical surface included 
between the planes through A and B 
may be taken to be equal to the illumina- 
tion at Q, or the illumination along the circle of intersection 
with the spherical surface of the plane through P. Since^ 
however, all points of the spherical surface are at the same 
distance from the source, the illumination at any point will be 
simply proportional to the intensity of the source along the line 
joining the given point to the source. Thus the illumination at 
Q will be proportional to E, R being the point of intersection of 
Q (or Q produced) with the polar cui-ve of intensity. Along 
P Q, or P Q produced, lay oflF P T = OR; by repeating the con- 
struction for the various slices, and joining all the points T so 
found, we obtain the chain-dotted curve shown in the figure. 
Now the total luminous flux passing through any slice, such as 




FlO. 162.— Bou8seau*s 
construction. 
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that corresponding to A B, is equal to the product of the area of 
the slice into the mean illumination ; and since the area is pro- 
portional to AB, and the mean illumination to FT, the flux 
passing through the slice is proportional to A B X P T, or to the 
area of the strip A B Y U. The same reasoning applies to every 
slice, and hence the total luminous flux is proportional to the area 
included between the vertical diameter and the chain-dotted curve. 
A similar construction carried out for a uniform source would 
give for the chain-dotted curve a straight line parallel to the 
vertical diameter, and the total flux from the source would be 
proportional to the area of the corresponding rectangle. If the 
intensity of the uniform source be so chosen that the area of this 
rectangle is equal to the area of the chain-dotted curve correspond- 
ing to the actual source, then the total flux from each source is the 
same, and the intensity of the uniform source is, by definition, the 
m.s.c.p. of the actual source. From this it at once follows that 
the m.s.c.p. of the given source is equal to the mean ordinate* 
of the chain-dotted curve, or to the height of a rectangle con- 
structed on the diameter as base and equal in area to the chain- 
dotted curve. 

If the source is not symmetrical about a vertical axis, Eousseau's 
construction may still be used, provided each radius of the polar 
curve corresponds to the mean intensity of the source along the 
surface of a cone whose semi- vertical angle corresponds to the 
angle made with the vertical by the given radius of the polar 
curve. Thus, in Fig. 162, R would in such a case represent 
the mean intensity of the source along different positions of the 
generating line of a cone whose vertex is at and whose semi- 
vertical angle is B B. 

Bousseau's construction is at present not of much practical 
interest in connection with rapid determinations of the m.s.c.p., 
as such determinations are much more conveniently carried out 
by means of special photometers, such as Ulbricht's Globe photo- 
meter (§ 188). Its importance, however, lies in the fact that it 
enables us to determine the constant of a photometer of this 
type. 

* Measured horizontallj, the diameter beln^ r^arded as the axis of abscissae. 
It must be clearly understood, in estimating the mean ordinate of the chain-dotted 
curve, that the base of this curve corresponds to the entire diameter and not merely 
to that part of it included between the points at which the abscissae first vanish, 
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§ 188. Mean Hemispherical Intensity. 

The more powerful sources of light, such as the various types 
of arc lamps, or the larger sizes of Nemst lamp, are generally 
used for the illumination of large open spaces, in which case it 
is desired to obtain as large a flux as possible in a doivmvard 
direction, any flux thrown upwards being in many cases practically 
useless. For this reason, it has become customary to consider 
what is known as the mean hemispherical candle-potver (m.h.s.c.p.) 
of a source. Let a sphere be described around the source as 
centre, and let the sphere be bisected by a horizontal plane ; 
then the mean hemispherical intensity of the given source is the 
intensity of a uniform source which is capable of producing 
a luminous flux through the lower hemisphere equal to that of 
the actual source ; or the m.h.s. intensity is the intensity of a 
uniform source whose total flux is equal to twice the flux 
through the lower hemisphere due to the actual source. 

The eflSciency of an arc lamp is frequently expressed as the 
number of watts per mean hemispherical candle-power. The 
following Table gives the ineflSciencies of various forms of arc 
lamps so expressed ; the lamps being in each case fitted with 
diffusing globes. 

Tyjfe of arc lamp. Watts per mean h.9.P.p, 

Ordinary arc lamp (10-ampere) -75 

Enclosed „ „ (6-ampere) 1-43 

Flaming carbons arranged vertically . . . . '40 

Flaming carbons, converging -30 

Bremer lamp '13 

Blondellamp -lO 

§ 189. Rating of Lamps. Reduction Factor. 

Although the most rational method of rating a given lamp is 
to state its m.s.c.p., the nominal rating adopted by incandescent 
lamp manufacturers is based on the mean c.p. in a horizontal 
plane, or the mean horizontal candle-power (m.h.c.p.). The 
variations in the intensity in a horizontal plane are considerable 
and somewhat irregular.* A method frequently employed for 
determining the m.h.c.p. is to mount the lamp in a special holder 
which may be rotated about a vertical axis, at about 120 revolu- 

• A. Russell, Journal of the IngtUutian of Mectrieal Engineers, vol. xxxii., p. 631 
(1903) ; G. B. Dyke, Proceedings of the Physical Society of London, vol, xix., 
p. 399 (1904). 
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tions per minute, and to find the c.p. while the lamp is being 

rotated. 

m*s c D. 
For a given type of lamp, the ratio V ' is found to be 

approximately constant. This ratio is termed the spherical 
reduction factor for the given type of lamp, and in the usual 
types it varies from about '78 to about '90. According to 
A. Bussell,* the spherical reduction factor may be determined from 
two measurements, that of the m.h.c.p. I;^ and that of the candle- 
power Ir, in a vertical direction, by means of the formula — 

spherical reduction factor = '785 + 'H f^- 

§ 190. Usefiil Life of Lamps. 

An important item in the total cost of lighting when using a 
given type of lamp is the cost of lamp renewals. This depends 
on the cost of the lamp (or of the renewable part of it) and on the 
useful life of the lamp. The candle-power of most lamps 
decreases with age (in some cases there is a rise of c.p. during 
the initial stages), and their inefficiency increases. It is nowadays 
customary to regard a lamp as having reached the end of its 
useful life when its c.p. decreases by 20 per cent, from its initial 
value. The useful life of a lamp depends very largely on its 
inefficiency ; the higher the latter, the longer is the life of the lamp. 
The gradual deterioration which takes place in incandescent 
lamps is due to two causes : the blackening of the bulb by the 
deposition of particles shot off from the filament, and a change 
in the nature of the filament surface. 

Examples. 

1. If the brightness (intrinsic brilliancy) of the crater of an 
arc is 150 candle-power per square mm. of its surface, and if the 
total crater area amounts to 16 square mms., what is the luminous 
intensity of the crater in a direction making an angle of 45° with 
the axis of the carbons ? 

2. In a certain photometer, the distance apart of the two 
sources is 60 inches, the standard source being represented by a 

• A. BusseU, Journal of the InstUution of EUctncaX Bngineers^ vol. xxxviii., 
p. 315 (1907). 
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Hefner lamp. If balance is obtained with an unknown source 
when the photometric box is at a distance of 12 inches from the 
Hefner lamp, what is the intensity of the source ? 

3. Two arc lamp posts are placed 120 feet apart. One lamp 
is 40 feet, and the other 85 feet above the level of tbe ground. 
Find the illumination, in candle-feet, at a point on the ground 
85 feet from the lower lamp, on the line joining the two posts, if 
the intensities of the lower and higher lamps in the direction of 
the point are 750 and 420 candles respectively. 

4. It is found that the candle-power of a tantalum lamp varies, 
within certain limits, as the 6*22th power of the current, and as 
the 4'4th power of thep.d. Find how the resistance of the lamp 
varies with the current between the same limits. 



CHAPTER XVI. 

§ 191. Types of switches — § 192. Principles of switch design — § 198. Mechanical 
construction of switches — § 194. Regulating switches for secondary batteries 
— § 196. Field breaking switches — § 196. Methods of suppressing arcing at 
switch contacts — § 197. Automatic switches. Maximum current circuit- 
breakers — § 198. Retarding or time-limit devices. Thermal release — § 199. 
Minimum and reverse-current circuit-breakers — § 200. Fuses — § 901. Prices 
of switches and fuses. 

§19L Types of Switches. 

By a switch in the most general sense of the term is meant an 
arrangement of movable and fixed contacts by means of i^hich 
a given change in the connections of a circuit may be effected. 
The simplest form of switch is that which is intended merely for 
closing or opening a circuit. If the " make " or " break " takes 
place at a single point only, the switch is spoken of as a single- 
pole switch. If, on the other hand, simultaneous makes or 
breaks are arranged to take place at two points, we have a 
double-pole switch. The movable contact of a switch may be 
arranged to establish connection with one or other of two fixed 
contacts ; the switch is then termed a two-way one. We may 
have a doxMe-pole two-way switch by suitably combining two 
single-pole two-way switches. Very frequently, the moving 
element or contact of a switch is arranged to travel over a large 
number of fixed contacts ; such switches are termed multiple-way 
or multiple-contact switches, and we have already come across 
them in considering motoi'-starting switches (§ 101). The special 
type of motor-starting and speed regulating multiple-way switch 
used in connection with tramway, railway and crane motors, is 
known as a controUei\ Multiple-way switches are frequently 
used for altering the number of secondary cells connected across 
the mains, in cases where no automatic reversible booster (§ 149) 
is employed, and are then known as battery stvitches. In generat- 
ing stations, the field coils of the large shunt-wound dynamos 
are frequently arranged to be connected across the 'bus bars,* 

* The common bars between which all the generators are connected in parallel. 
They form the terminals of the entire generating plant. 
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and since a sadden break in the field circuit of a large shunt- 
wound machine would be attended with great danger to the 
insulation (§ 101), it is usual in such cases to provide a switch 
of special design, so constructed that the field flux disappears 
gradually ; a switch intended for this purpose is known as a 
field-breaking or field switch. In some cases, a reversing switch 
is required for the purpose of reversing the current in a certain 
part of the circuit. 

A small switch which is arranged to control simultaneously a 
number of larger switches is spoken of as a master »witch. 

The switches so far enumerated are intended to be operated 
by hand, and hence may be termed hand switches. There is, 
however, a very large and important class of switches designed 
to operate automatically under certain conditions, and known as 
automatic switches or cut-outs. The most important of these 
are : — (1) the maximum current cut-out, which opens the circuit 
when the current rises above a certain value ; (2) the minimum 
current cut-out, which breaks the circuit if the current falls below 
a certain limit ; and (3) the reverse-current cut-out, which operates 
only if a reversal of current takes place in that part of the circuit 
in which the cut-out is placed. 



§192. Principles of Switch Design. 

The design of the connections and switch-gear required to 
perform a definite set of operations may become an extremely 
tedious task in cases where the operations are complicated, if no 
better method be used than that of trial and failure. It is 
therefore extremely important not to trust to any haphazard 
methods, but to proceed according to definite and systematic 
rules.* 

Diagrams should first be drawn showing the connections of 
the different parts of the circuit in the various cases under 
consideration. 

These diagrams should then be compared with each other. It 
will in general be found that in addition to the necessary connec- 
tions in each diagram, a number of superfluous connections may 

* An excellent account of the principles of switch-gear design, with a large 
number of iUustratiye examples, will be found In R. Edler's Enttourf ton SchaU 
tungen und SchaXtapparaten (Hanover : Dr. Max Janecke, 1905). 
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be introduced, such superfluous connections corresponding to 
necessary connections in one or more of the other diagrams. By 
introducing all the permissible superfluous connections into each 
diagram, we reduce the differences which originally existed among 
them. It is evident that since each superfluous connection 
occurs in each diagram (in one 



of them it is a necessary connec- 
tion), all such connections may 
be made permanent, and will 
require no switches. Switches 
will only be required for effect- 
ing the changes corresponding 
to the outstanding differences 
among the diagrams, and these 
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(a) 



Fio. 163. — Diagrams of connections. 
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differences will themselves indicate the simplest arrangement of 
switch-gear for the purpose in hand. 

We shall illustrate the use of the above general principles by 
the aid of a simple example. Let a switch be required which 
in one position connects a condenser across a battery, thereby 
charging it, and in the other position disconnects the battery, 
and connects a galvanometer across the condenser terminals, 
thereby discharging it. We first draw 
the two diagrams. Fig. 168 (a) and (b), 
showing the necessary connections in each 
case. In order to bring out clearly the 
important part played by the superfluous 
connections in simplifying the switching 
arrangements, we shall in the first place 
purposely neglect the second rule of switch 
design explained above, and shall omit all 
superfluous connections. 

Comparing the diagrams (a) and (6) of 
Fig. 168, we notice that while in (a) the 
point c\ is in connection with &i, in diagram (6) it is in connection 
with gi. Now the passage from 6i to gi may obviously be effected 
by a simple two-way switch. Similarly, in the case of the point c^ 
the passage from b^ in (a) to g% in {h) may be effected by means 
of a simple two-way switch. Hence two coupled two-way switches, 
forming a double-pole two-way switch, as shown in Fig. 164, may 
be made to effect the necessary change of connections. 
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Fio. 164.— Ck)upled 
two-way switches. 
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But although the arrangement shown in Fig. 164 serves the 
required purpose, it is by no means the simplest possible. This 
is due to our not having inserted all permissible superfluous 
connections into our diagrams before proceeding to the design 
of the switching arrangements. On once more comparing the 
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Fig. 165. — Diagrams showing Buper- 
flaous connections. 



Fig. 166. — Simplified 
switching diagram. 



diagrams (a) and (b) of Fig. 168, we notice that in passing from 
(a) to (6) it is only necessary to disconnect the battery on one 
side. Similarly, in passing from {b) to (a) it is only necessary 
to disconnect the galvanometer on one side. We are thus led to 
introduce the superfluous connections indicated by the dotted 
lines in Fig. 165 (a) and (b). Since these connections may be 
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Fig. 167. — Change of connections for current 
reversal. 
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Fig. 168.— Reyersing 
switch. 



made permanent, we see that a single two-way switch may now 
be made to serve our purpose, as shown in Fig. 166 — a consider- 
able simplification on Fig. 164, where two such switches were 
employed. 

As another example, we shall consider the case of a reversing 
switch. Let in Fig. 167 the resistance n r^ be connected across 
a battery, and let a switch be required for producing a reversal 
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of current in n rg. The connections corresponding to the two 
positions of the switch are shown in Pig. 167 (a) and (b). It 
will be noticed that in this case no superfluous connections are 
admissible, and hence the switch must be a double-pole two-way 
switch as shown in Fig. 168, no further simplification being 
possible. 



§193. Meohanioal Construction of Switches. 

The simpler forms of switches may be divided into (1) plug 
switches ; (2) knife switches ; and (8) laminated contact switches. 

In Fig. 169 are shown three examples of plug switches. The 
first, (a), is widely used for ordinary testing work, in resistance 
boxes, &c., and is generally suitable where small currents only 
have to be dealt 
with. It consists 
of two massive 
contact - blocks 
which may be 
bridged by a coni- 
cal plug ; to secure 
a good fit, the plug 
should be carefully 
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Fio. 169.— Plug switches. 



ground into its seating, (b) and (c) are two varieties of large 
switchboard screw plug switches. Such switches are used for 
connecting certain bars mounted on the front of the board to 
others mounted at the back, the plug passing through the 
switchboard itself. Efficient contact with the bar at the back 
is secured by screwing the plug into it; while contact with 
the front bar is obtained either by means of a wide collar 
bearing against the face of the bar, as in {b), or by making 
the front portion of the plug conical, and fitting it into a 
corresponding conical hole in the front bar, as in (c). It is 
evident that with plug switches of this type contact can be made 
or broken only comparatively slowly, and they are only used 
when the current at the time of making or breaking is either 
zero or negligibly small. 

Knife switches are used very largely. They are strong and 
simple in construction, and suitable for a wide range of currents. 
A knife switch consists essentially of a movable blade provided 
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Fio. 170.— Double-pole knife switch (The British 
Thomson-Hooston Co., Ltd.). 



with a handle, by means of which it may be forced between two 
contact plates or clips. A double-pole switch of this type is 

shown in Fig. 170. In 
order to secure good 
contact with the clips, 
these are slit so as to 
form several plates 
capable of moving more 
or less independently of 
each other. The blade 
and contact clips are 
made of hard rolled 
copper. The contacts 
are carefully ground 
in.* It will be noticed 
that in the type of 
switch shown in Fig. 170 the hinges or joints of the knife-blade 
also serve as electrical contacts, and for the purpose of securing 

contact with the blade 

over a sufficient area 
large washers are placed 
outside the contact 
plates as shown. It 
has been supposed that 
the electrical contact at 
the joint is liable to be 
imperfect, and hence a 
" double-break " design 
of knife switch, shown 
in Fig. 171, has come 
into use. As a matter 
of fact, however, the 
prejudice entertained 
against switches of the 
type shown in Fig. 170, 
with a " single " break, 
has turned out to be 
unfounded, for experiments have shown that it is easier to 

* The grinding should be done with powdered glass and oil ; emery is unsuitable, 
as it becomes embedded in the metal and is difficult to remoTe. 
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Fig. 171.— Double- 
break knife switch. 



Fig. 172.— Quick-break 
knife switch. 
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obtain good contact at a properly ground-ia joint than at 
contact clips. 

A difl&culty which always occurs with switches intended to deal 
with large currents is that of arcing at the contacts, resulting in 
their fusion and the gradual destruction of the switch. In order 
to prevent fusion of the contacts, the duration of the arc should 
be reduced as much as possible by a quick break. The knife 
switches just described may be broken quickly by hand; but if 
the switch blade be moved slowly, excessive arcing may take 
place. It is therefore desirable in some cases to adopt a design 
which will always ensure a quick break. A simple form of quick- 
break knife switch is shown in Fig. 172. The blade of the switch 
consists of two parts, the main blade and a smaller or ^'ilier " 
or " follower '* blade, hinged to the main blade and connected to 
it by a couple of springs, one on each side of the blade. When 
the main blade is withdrawn, the friction of the contact clips is 
sufficient to prevent the follower blade irom coming away with 
the main blade, and the springs are gradually stretched. When 
a certain position has been reached, however, the inner edge of 
the main blade comes against the inner edge (shown by the 
dotted line in Fig. 177) of the tapered lower end of the follower 
blade, close to the hinge, and the two blades are now constrained 
to move together as a single piece. At the instant when the 
follower blade leaves the contact clips, the springs attached to it, 
being now free to act, cause it to snap away suddenly, giving a 
very quick break. 

Single-blade knife switches are made for currents up to a few 
hundred amperes. For still larger currents, several blades may 
be arranged in parallel. The switches then become somewhat 
heavy to operate by hand, owing to excessive friction. The 
current-density at the contacts of knife switches should not 
exceed 50 amperes per square inch of contact area. 

In the laminated contact type of switch, one example of which 
is shown in Fig. 178, the movable contact takes the form of a 
number of hard copper or brass strips clamped together, the 
edges of the strips being arranged to bear on the fixed contact 
blocks. Since the strips or laminations are to some extent free 
to move independently of each other, efficient contact is made by 
each of them, and as a result it is found that the current-density 
at the contact may be as high as 400 or even 500 amperes per 

C.C.E. u 
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square inch of contact area. The motion of the laminated 
relatively to the fixed contacts is either parallel to the contact 
surfaces— as in the switch shown in Fig. 173 — the edges of the 
laminations sliding along the fixed contact surfaces when the 
switch is operated, or at right angles to them, in which case the 




Via. 173. — Laminated contact switch. 



laminated contact which forms a bridge across the two fixed con- 
tact blocks is simply pressed against them — as in the automatic 
switch illustrated in Fig. 177. 



§ 194. Regulating Switches for Seoondary 
Batteries. 

When no booster is used in connection with a secondary 
battery, some means of varying the number of cells in circuit 
must be provided, since the p.d. drops from a value of slightly 
above 2 volts per cell to 1*8 volts per cell as the discharge pro- 
ceeds. The number of cells may be varied by means of a 
multiple-way switch known as an accumulator or battery 
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regulating switch (Fig. 174). Such a switch coDsists essentially 
of a number of fixed contact blocks to which the consecutive end 
cells of the battery are connected, and over which one end of a 
laminated contact bridge may be made to travel, the other end 
of the bridge moving along a continuous contact bar which 
represents the terminal bar of the battery. Prom the point of 
view of mechanical construction, there are two distinct patterns 
of such regulating switches : in one, the contacts are arranged 
along a straight line, while in the other they are grouped around 
a circle. In the first or rectangular pattern, the motion of the 
laminated bridging contact is rectilinear, and is generally effected 
by means of a long screw ; while in the second or circular pattern, 
the laminated contact is given a motion of rotation by means of 
a suitable handle or 



handles. 

In order to prevent 
any break in the cir- 
cuit while changing 
the number of cells, 
the connections must 
be so arranged that 
during the change 
momentary contact is 
established between 
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Fig. 174.— Types of battery switch. 



the terminal bar and two neighbouring cells. If this were done by 
simply allowing the laminated contact to bridge across two neigh- 
bouring contact blocks, it is evident that a short circuit would 
occur of the cell whose terminals are in connection with the 
blocks. In order to prevent this, and at the same time maintain 
continuity of contact with the battery, special arrangements 
must be adopted. Two methods commonly in use are shown in 
Fig. 174. In the first, (a), corresponding to each regulating cell 
there are two contact blocks, and the cell terminals are in con- 
nection with alternate blocks. Between each block which is in 
direct connection with the battery and its neighbour on one side 
is connected a safety resistance (generally a spiral of three or 
four turns) which is high enough to prevent the flow of an exces- 
sive current when it is bridged across a cell. It is evident that 
in passing from any cell to a neighbouring one continuity of 
contact is maintained through this resistance. 

u2 
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An alternative arrangement is shown in Fig. 174 (b). Here 
the number of metal contact blocks provided for regulation is 
equal to the number of regulating cells. The travelling contact 
or brush consists of two component parts, connected through a 
safety resistance but otherwise insulated from each other. 
Between the metal contact blocks in connection with the cells 
are interposed blocks of insulating material, of width greater 
than either component of the travelling contact. 

Comparing (a) and (fc), we see that (a) requires as many safety 
resistances as there are regulating cells, and is on that score 

more expensive 
than (/>), in which 
there is only one 
safety resistance. 
On the other 
hand, (a) has the 
advantage over 
(b) that the brush 
moves over what 
practically a 




vvwwwww- 



VW^AAAAA/W— ^in^^ 



riCLO HHCOSTAT 




continuous metal 
surface (with the 
exception of the 
narrow strips of 
insulating mate- 
rial between the 
blocks), whereas 
in (h) the metal surface is interrupted by wide blocks of insu- 
lating material, and for this reason the arrangement is 
mechanically less satisfactory.* 
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Fig. 176. — Field breaking switch. 



§ 195. Field Breaking Switches. 

A field-breaking switch must be so designed that when the field 
is disconnected from the source of e.m.f., the magnetic flux 
through the field core is made to disappear slowly, thereby pre- 
venting the induction of any dangerously high e.m.f. in the field 

♦ In order to prevent any possibility of the brush leaving its metal contact as it 
begins to move over an insulating block, the surfaces of the insulating blocks would 
be kept somewhat below the surfaces of the metal blocks— an arrangement which 
is liable to interfere with the smoothness of the motion. 
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coils during its disappearance. One type of field switch is shown 
in Fig. 175. The contact blade of the switch is forked, so that 
at the instant when the field is about to be disconnected — 1.<?., 
when the switch is brought into the position shown by the dotted 
lines — a non-inductive resistance (equal approximately to the 
resistance of the field) is connected across it. When the discon- 
nection takes place, 

the field ftux begins a"a^a?a5aa^aIa\ 
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to decrease, but the 
current induced by 
this decrease, which 
circulates in the field 
coils and the non- 
inductive resistance 

connected in series B-m, 176.-Combined field rheostat and field 

.. , ,, , 1 . breaking switch. 

With them, tends to 

maintain the fiux, and thus the latter disappears more or less 

gradually. 

Another arrangement for disconnecting the field is shown in 
Fig. 176. The field rheostat is here provided with a supplemen- 
tary contact, so arranged that just before the break takes place 
the field is short-circuited (the rheostat being at the same time 
momentarily bridged across the mains), and the short-circuit is 
maintained after the break has taken place. As before, the field 
flux can only disappear slowly, owing to the retarding effect of 
the self-induced current circulating in the field coils. 



§ 196. Methods of Suppressing Arcing at Switch 

Contacts. 

In order to prevent the destruction of switch contacts by the 
arcing which is liable to take place between them, especially 
when a heavy current is interrupted, various expedients may be 
used. It is practically impossible to prevent the Jormation of 
an arc, and hence the only method of dealing with the diffi- 
culty is to reduce the duration of the arc. If the duration be so 
short that the metal surfaces do not get time to reach the tem- 
perature of fusion, there will be no damage to the switch contacts, 
the incipient arc being extinguished so promptly that it is 
justifiable to speak of the absence of arcing. 
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The following are the methods employed in practice for the 
suppression of arcing : (1) a quick and long break ; (2) the use of 
supplementary carbon contacts, connected in parallel with the 
main contacts ; (3) the use of auxiliary metal contacts, the arc 
between which is blown out by a magnetic field provided for the 
purpose ; (4) the use of a movable plate of refractory non-con- 
ducting material (such as slate) which, as the break takes place, 
is made to move rapidly across the arc, thereby breaking it ; 
(5) the immersion of the switch contacts in some medium of 
great dielectric strength, such as oil, or air under great 
pressure. 

Of the above, (1), (2), and (8) are those most commonly used in 
connection with continuous current switches ; (4) is used 
occasionally in special designs, while (5) is mainly of interest 
in connection with high-voltage alternate current switches. We 
have already (Figs. 172 and 173) had occasion to consider (1). 
As regards (2), this is a device for transferring the arcing from 
the main metal contacts to the auxiliary carbon ones, where the 
arcing does no harm, as no fusion of the carbon takes place; 
the carbon blocks, it is true, are gradually destroyed, but are 
easily renewable. Examples of methods (2) and (8) are described 
below. 

§ 197. Automatic Switches. Maximum Current 
Circuit-Breakers. 

For the purpose of automatically breaking the circuit when the 
current rises above or falls below a pre-determined value, or 
undergoes reversal, automatic switches or circuit-breakers are 
employed. 

A viaximuni current or overload circuit-breaker, switch, or cut- 
out is used to prevent the damage (such as destruction of the 
insulation of cables, machines, or other apparatus, with the 
attendant risk of fire) which would result from a heavy over- 
load or an accidental short-circuit on that part of the system 
which the circuit-breaker is intended to protect.* A well- 
known form of circuit-breaker of this type is shown in Pig. 177. 

• Overload circuit-breakers should never be inserted between the *buB bars and 
the generators, but only in the feeder circuits. If they were included in the 
machine circuits (/.p., between 'bus bars and generators), then, assuming an acci- 
dental short-circuit to take place on the system during the hours of heavy load, 
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When the switch is closed the linkwork actuating it is held in 
position by a trigger against the tension of a powerful spring 
tending to open the switch. This trigger (whose lower surface is 
faced with steel) is pivoted about the same axis as the soft-iron 
plate which forms the armature of the tripping electromagnet, but 
is free to move independently of it within certain limits. The 
weight of the armature is supported by an adjustable spring, by 
means of which the position of the armature may be varied, 
and so the point of cut-off controlled. A small flat steel 
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Fig. 177. — Automatic circuit-breaker (The British Thomson- 
HoustoD Co,, Ltd.). 

spring projects from the trigger and presses against the arma- 
ture. Passing through a hole in the trigger is a screwed shank, 
fixed to the armature and carrying a nut immediately above the 
trigger. When the current exceeds a certain value, the tripping 
coil magnetises its core powerfully enough to cause it to pull 
down the armature against the tension of the supporting spring. 
During the initial stages of the motion, the trigger remains in 

and one of the circuit-breakers to open, the extra load would be thrown on the 
remaining machines, whose circuit-breakers would open one after another, causing 
a complete shut-down of the station. An over-load circuit breaker on a feeder 
would, on the other hand, merely isolate the faulty section of the supply network. 
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position, the flat spring at one end of it following the motion of 
the armature. But when the armature has moved down a 
suflScient amount, and acquired a certain velocity, the nut 
on the small screwed shank suddenly strikes the trigger, 
knocking it off the projection on the switch handle lever and 
allowing the large spring which is coiled around the main 
rod supporting the switch contacts to open the switch. The 
main laminated contacts are the first to leave their fixed con- 
tact blocks, and as soon as this happens the entire current 
flows through the blow-out magnet coils and the auxiliary 
copper contacts; immediately afterwards, the movable copper 
tongue attached to the upper part of the switch rod slips away 
from the contacts on either side of it (these are pressed against 
it by springs), starting an arc between them. Now an arc forms 
a flexible conductor, and will tend to move across any magnetic 
field whose direction is at right angles to it (§ 2). Such a field 
is provided by the two blow-out magnets, and the direction of the 
field relatively to the arc is such as to cause the arc to travel 
upwards, and in so doing it lengthens until it breaks. The 
break takes place very rapidly, and is generally accompanied by 
a noise like an explosion. 

The switch may be tripped by hand, by means of the small 
rod attached to the end of the armature and ending in a small 
handle ; it is closed by means of the large handle. All this is 
clearly shown in Fig. 177. 

A very recent type of maximum current circuit-breaker, con- 
structed by Messrs. Crompton & Co., Ltd., of Chelmsford, and 
known as the ** C.B.H." circuit-breaker, is shown in Figs. 178 
— 180. It embodies a number of important features which dis- 
tinguish it from some of the older types of circuit-breaker. One 
of these is that the speed of closing the contacts is entirely 
beyond the control of the operator. A quick " make " is desir- 
able for the same reason as a quick " break," viz., to prevent 
any possible fusion of the contacts. If the conditions of the 
circuit are such that a very large current will flow on "making" 
the circuit, then in closing the contacts slowly the initial contact 
area will be small, the contact resistance considerable, and the 
momentary local heating so great as to partially fuse the edges 
of the laminated contact before the resistance has been sufiSciently 
reduced by the proper closing of the switch. Another important 
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feature of this circuit-breaker is the fact that it is impossible to 
maintain the switch forcibly closed by means of the handle if the 
current exceeds the limit for which the switch has been set, the 
construction being such that the switch will open quite indepen- 
dently of the position of the handle. In addition to these more 
recent features of switch design, the " C.B.H/' circuit-breaker 
possesses the older ones of a quick break, and arcing contacts with 
a magnetic blow-out. 
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Fio. 178.—" C.B.H." overload circuit-breaker (Crompton & Co., Ltd.). 

Fig. 178 gives a general perspective view of the switch in two 
positions, closed and open. In Fig. 179 are shown the more 
important details of the construction by means of which the quick 
make and quick break are obtained. The main contact brush 
is carried by a vertical spindle free to move inside a guide tube, 
the lower part of which is fitted with a lug. A collar containing 
a roller catch is free to slide along the guide tube (when not 
locked to it by the catch), and is attached to the main lever by 
means of two links. On raising the handle of the main lever, 
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the roller catch engages the lug on the guide tube, raising this 
latter, and with it the spindle carrying the main contact brush, 
and compressing the "quick break*' spring. When a certain 
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position has been reached, two small catches suspended from the 
main contact spindle engage hardened stops fixed to the frame 
of the circuit- 
breaker, there- 
by momentarily 
arresting the travel 
of the spindle, and 
causing a compres- 
sion of the "quick 
make" spring. Just 
before the handle 
reaches its highest 
or "on" position, 
two projections on 
the switch lever 
knock the catches 
off their stops, 
allowing the quick 
make spring to act, 
and to close the 
switch rapidly. 
At the same time, 
the lower end, or 
toe, of the main 
lever brushes past 
the bent bell-crank 
lever shown by the 
side of the roller 
catch, and the 
small lever is 
pulled back into 
its original position 
by a spring; the 
toe of the main 
lever now rests 
against it. The 
main lever is maintained in its " on " position by the action of the 
quick break spring, the links connecting the lever to the collar 
containing the roller catch being slightly over the " dead centre." 
In Fig. 180 are shown details of the tripping mechanism and 
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of the switch contacts. Some distance above the roller catch is 
suspended a tripping weiglit, which consists of a rectangular 
block of metal provided with a guide-rod wbich passes through 
it and which moves in two guide-holes. When the switch is 
closed the tripping weight is supported in position by a catch 
which forms one end of a bell-crank tripping lever, the other end 
of which is weighted with the plunger of the tripping coil. When 
the current exceeds the maximum value for which the switch has 
been adjusted, the tripping coil sucks in its plunger, and the 
latter delivers a blow against the end of the tripping lever, 
releasing the tripping weight, which in falling strikes against the 
roller catch and thereby releases the quick break spring, that 
opens the circuit-breaker. The switch is fitted with a double set of 
auxiliary contacts — a set of carbon contacts, and arcing contacts 
of brass strip which are placed in the field of the blow-out magnet. 
The main contacts part company first, then the carbon contacts 
— at which stage the current is diverted into the blow-out coil — 
and finally the arcing contacts, the arc being promptly blown out 
by the intense magnetic field in which it is placed. 

As the tripping weight strikes the roller catch, the bent bell 
crank lever which supports the main lever in its " on " position 
is momentarily pulled away from the toe of the main lever by the 
spring attached to it, the other end of the small lever, which 
rests against the roller catch lever, following the downward 
motion of this latter as it is struck by the falling weight. The 
toe of the main lever being thereby momentarily deprived of its 
support, the lever falls back, and in so doing its toe engages the 
projecting portion of the tripping weight, and, lifting it, restores 
it to its initial position. 

The swutch is readily tripped by hand, by pulling down the 
main lever. This causes the toe of the lever to move the bent 
bell- crank lever, whose other end presses down the roller catch, 
thereby allowing the switch to open. 



§ 198. Retarding or Time-limit Devices. Thermal 

Release. 

The action of the circuit-breakers described is practically 
instantaneous. Now in some cases it is desirable to have a 
circuit-breaker whose action depends not only on the value of the 
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overload, but also on its duration. A severe inoiJientary overlodkd 
would in many instances be permissible, and the instant response 
of a circuit-breaker to such a temporary overload of very short 
duration might be inconvenient. In such cases, some special 
device may be adopted to control the action of the circuit-breaker 
in such a manner as to make it dependent on the product of 
current X time for any value of the current which exceeds the 
normal limit. The circuit-breaker will then operate slowly if 
the overload is slight, and rapidly if it is severe. A device for 
accomplishing this purpose is known as a reUirding or time-element 
or time-limit device, and it may take various forms. In some 
designs the plunger of the tripping electro-magnet is connected 
to a piston which moves in a cylinder filled with some viscous 
liquid. The piston is made to fit the cylinder exactly, so that 
very little liquid can pass between the piston and the cylinder. 
The piston is perforated by one or more apertures of suitable 
size, and when the tripping coil sucks in its plunger, the oil or 
other liquid in the cylinder has to flow from one side of the 
piston to the other through the perforations, and a considerable 
resistance is offered to the motion. The plunger can there- 
fore only move more or less slowly, and if the duration of 
the overload has not been sufficient, it will fall back without 
having opened the circuit-breaker. It is evident that the 
motion of the plunger will be the more rapid the heavier the 
overload. 

Another time-limit device, of a simpler kind, has recently come 
into use. Attached to the plunger of the tripping magnet is a 
thin rod ending in a flat disc. This disc rests at the bottom of a 
glass vessel, and is just covered by a thin layer of glycerine. 
When the coil sucks up the plunger, some time must elapse 
before the disc can be detached from the glycerine, and a retarding 
effect is thus obtained. 

A third type of time-element device consists of a fuse placed as 
a shunt across the tripping coil of the circuit-breakei?. Owing to 
its appreciable capacity for heat, a fuse necessarily has a time- 
element (§ 200). When the fuse melts, the entire current passes 
through the tripping coil, opening the circuit-breaker. 

A fourth type of time-limit device is represented by the thermal 
release employed by Messrs. Crompton & Co., Ltd., and shown 
diagrammatically in Fig. 181. This is not a mere addition to the 
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magnetic release as in the three previous examples, hut it entirely 
replaces the magnetic release, no tripping magnet being required. 
Supported by a strong [ - shaped frame are a number of galvanised 
iron wires which convey either the whole or a convenient fraction 

of the main current, the 
current passing down one 
set of wires and up the 
other. The wires are 
bent slightly outwards, 
and carry two inwardly 
projecting pieces to which 
the release lever is pivoted. 
The iron wires expand as 
they are heated by the 
current, and owing to the 
increasing sag with in- 
crease of current^ they 
become further separated 
as the current continues 
to increase (as shown by the dotted lines in Fig. 181). This causes 
a rotation of the release lever in a clockwise direction. The end 
of this lever pushes a loose sleeve in front of it, and when this 
sleeve comes against the nuts on the horizontal spindle projecting 
from the arm which is mounted on the axle carrying the catch 
that supports the tripping weight, any further expansion of the 
wires releases the tripping weight and causes the switch to open. 
The action of such a thermal release is necessarily slow. 
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Fio. 181. — General arrangement of thermal 
release. 



§ 199. Minimum and Reverse Current Circuit- 
breakers. 

Circuit-breakers designed to operate when the current falls 
below a certain value are chiefly used in connection with dynamos 
charging secondary cells. A simple form of circuit-breaker of this 
type is shown in Fig. 182. The curved switch lever is weighted, 
and tends to open the switch ; it is prevented from doing this by 
the pull which is exerted on a soft-iron armature by a magnet 
whose coil carries the main current, the armature being attached 
to the lever. If the current falls below a certain value, the pull 
on the armature is no longer sufficient to balance the couple due 
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SWITCH BLADE- 



to gravity, the lever drops down and strikes the switch blade, 
thus opening the switch. The fall of the switch lever is broken 
by suitable buffer springs. Arrangements are frequently provided 
for closing a local circuit and ringing a bell when the circuit- 
breaker opens. 

Reverse-current circuit-breakers are intended to protect 
dynamos running in parallel, and are inserted between the 
machines and the 'bus bars.* Every type of reverse-current 
switch is provided with two coils, a series coil carrying the main 
current and a shunt coil connected across the mains (the shunt 
coil may, if necessary, be joined in series with an extra resistance). 
There are two distinct types of 
reverse-current switch. In one, 
the series and shunt coils are 
wound around a common core 
which supports an armature and 
maintains the switch closed so 
long as the current through the 
series coil has its normal direc- 
tion, the magnetic effects of the 
coils being then additive (the 
shunt coil being, however, the 
stronger of the two). Should 
the main current undergo a 
reversal, the series coil will 
oppose the shunt coil, and if 
the reverse current is large enough, the magnetism of the 
core will be wiped out, and the armature will drop. The 
release of the armature is arranged to trip the switch. In the 
second type of reverse-current switch, the shunt coil, which is not 
provided with any core, is made movable, and is placed in the 
field of the series magnet, which is fixed. A reversal of the field 
will cause the coil to move so as to trip the switch. 

The second type is greatly to be preferred to the first, as it is 

• If one of the paralleled machines should lose its field (owing to a break in the 
shunt, for example), and hence also its e.m.f., an enormous current would be sent 
into its armature in the reverse direction by the other machines, and the insulation 
would be destroyed in a very short time. Further, owing to the heavy load suddenly 
thrown on the other machines, there would be a sudden drop of voltage over the 
entire system. It is against accidents of this kind that a reverse-current circuit- 
breaker is intended to afford protection. 




Fig. 
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182. — Minimum current 
automatic switch. 
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bound to operate, whereas with a very sudden reversal the first 
type may fail to do so, the reverse current producing a reversal 
of magnetism in the magnet core so rapidly that the latter is 
able to retain the armature, which has no time to move 
appreciably before the reversal has taken place. 

An example of the second type of reverse-current circuit- 
breaker is shown diagrammatically in Fig. 188. This diagram 
refers to a combined maximum and reverse-current circuit- 
breaker, but may be converted into one for a simple reverse- 
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Fig. 183. — Diagram of maximum and reverse-current 
circuit-breaker (Crompton & Co., Ltd.). 

current switch by fixing the armature marked " pivoted armature" 
and omitting the rod marked " rod suspended from lever." The 
shunt coil is suspended from an axle which carries a horizontal 
arm, one side of which supports a counterweight, and the other 
a screwed shank on which rests a curved arm projecting from the 
tripping lever (this lever moves in a plane normal to that of the 
drawing). Under normal conditions, the couple acting on the 
shunt coil has a clockwise direction. But if the current undergoes 
a reversal, the shunt coil is driven in a counter-clockwise direction, 
tilting up the tripping lever and thus opening the switch. 

By making the armature below the series magnet movable, 
fitting it with a plate (marked ** tripping plate " in Fig. 188) 
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which projects sideways, and suspending a rod from the tripping 
lever so that when the armature is attracted by the magnet the 
tripping plate strikes the rod and tilts the tripping lever, the 
switch is converted from a simple reverse-current into a combined 
reverse-current and overload one. Such combined switches are 
used to protect the generators in tramway and power stations. 

§ 200. Fuses. 

The earliest form of device intended lo protect a circuit against 
the effects of an abnormally large current was the fu$e. Although 
fuses have very generally been abandoned for the protection of 
main circuits conveying large currents, they are still widely used 
for the protection of branch circuits conveying relatively small 
currents, the first cost of a circuit-breaker in such cases being 
prohibitive. 

A fuse consists of a short length of wire or strip of metal 
mounted between suitable terminals. The cross-section of the 
fuse is so chosen that when the current exceeds the limit of 
safety the fuse melts, thereby breaking the circuit. 

The main advantages of a fuse as compared with an automatic 
switch or circuit-breaker are its low first cost and the fact that 
it possesses, by the very nature of the case, a time-limiU On the 
other hand, it has numerous defects, among which the more 
important are its unreliability — apparently similar fuses similarly 
placed fusing with different currents — the impossibility of immedi- 
ately replacing it, and the cost of renewals ; and the fact that in 
the case of fuses of the open type — especially those intended for 
large currents — the fuse itself becomes a source of danger, the 
explosive violence with which it melts when a sudden short- 
circuit takes place causing the molten metal to be scattered in 
all directions. 

When a fuse has reached a steady temperature, it is evident 
that the rate at which heat is being generated in it by the current 
mus equal the rate at which heat is being lost by conduction 
to the terminals, by convection and radiation. Since the loss 
by radiation depends on the nature of the surface, it is not 
difficult to see that a change in the surface — such as slight 
tarnishing or deposition of dirt — ^will affect the value of the 
fusing current. This value also depends, for a given shape and 
cross-section of fuse, of given material, on the length of fuse 

C.C.E. X 
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(decreasing as the length increases, since the rate of heat 
conduction from the middle portion of the fuse to the terminals 
is decreased on account of the smaller temperature gradient), 
and on the mass of the terminals. 

Besides the open type of fuse, in which the fuse wire or strip 
is freely exposed, and whose disadvantage — the scattering of 
molten metal — has already been noticed, there are two other 
kinds — the protected type, in which the fuse is enclosed in a 
porcelain tube open at both ends ; and the totally enclosed type, 
in which the fuse is contained in a sealed tube (of porcelain or 
of pasteboard rendered non-inflammable by a special process). 
In this latter, the tube is generally filled with some highly 
refractory non-conducting powder (sand, fireclay, emery, French 
chalk, &c.) which is intended to prevent the formation of an 
arc ; and in some cases the middle portion of the tube is not 
filled up, an air space being thus formed which is intended to 
facilitate the breaking of the fuse at this point, by depriving it 
of all mechanical support. 

Fuses may be required to possess either a very short or a 
considerable time lag. In the case of a lighting circuit, for 
example, it is desirable that a fuse should act promptly, as no 
appreciable overload can possibly arise so long as the conditions 
of the circuit remain normal. JBut the case is entirely different 
if the load consists of a motor, which may be subjected to a 
heavy overload for a short period without any evil results, and 
witb.out the existence of any abnormal conditions ; in this case 
it would obviously be an advantage to use a slow-acting fuse, or 
one having a large time-element. Now the time-element of a 
fuse depends on the material of which the fuse is made. If a 
quick-acting fuse is desired, silver and copper are the most 
suitable materials, and are about equally good, copper being the 
cheaper, but more liable to oxidation (copper fuse wires are for 
this reason generally tinned or silvered). The best material 
for a slow-acting fuse is zinc : it possesses a large time-element 
and has a relatively smaller mass than a fuse of any other metal 
giving about the same time-element. 

§ 201. Prices of Switches and Fuses. 

The smallest sizes of switch, intended to control circuits taking 
not more than about 8 amperes, are obtainable at about Is, 6d. 
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A 15-ampere single-pole switch costs about 7«. 6rf. ; a 50-ampere 
one, about 158. ; a lOO-ampere one, about £1 88. Od. ; a 500- 
ampere one, about £6 Os. Od. ; and a 1,000-ampere one, about 
£9 Os. Od. The prices of double-pole switches are twice those 
of single-pole ones. 

Automatic switches of a given capacity vary a good deal in 
price, according to the type. Thus, a lOO-ampere circuit-breaker 
will cost from about £6 Os. Od. to as much as J916 0^. Od.; a 1,000- 
ampere one, from about JG18 Os. Od. to about £25 Os. Od. 

A lOO-ampere fuse of the open type costs about 188. ; and of 
the protected type, about £1 lOs. Od. A 1,000-ampere fuse of 
the first type costs about £5 Os. Od. ; and of the second type, 
about £8 Os. Od. 
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CHAPTER XVII. 

§ 802. Conductors. Copper— § 908. Alaminium and steel — § 204. High-resistivity 
alloys. Carbon — ^ 206. Insulators. India-rubber — § 206. Gutta-percha — 
§ 207. Mica—} 206. Porcelain, marble and slate — } 209. Paraffin wax, ozokerite 
and bitumen- § 210. Fibrous insulators—} 211. Shellac. 

§ 202. Conductors. Copper. 

Of the materials commonly used as electrical conductors, by 
far the most important is copper. The greatest copper-pro- 
ducing country is the United States, which supplies over 50 per 
cent, of the total. Next in order of importance come Mexico, 
Spain, Portugal, and Japan. The price of copper (in the form 
of bars) has been subject to violent fluctuations, varying from a 
Uttle over £40 per ton to as much as £110 per ton. 

The density of copper is, on the average, about 8*9. A cubic 
foot of copper weighs 555 lbs. ; a cubic inch, '82 lb. 

The resistivity of copper depends very largely on its purity 
and on the physical treatment which it has undergone. The 
copper ordinarily used for electrical conductors is of a very high 
degree of purity. It is used in two forms, viz., as soft or annealed 
copper, which has a resistivity of about 1*56 microhm per cm. 
cube ('616 microhm per inch cube) at 0° C, and a tensile strength 
of about 28,000 lbs. per square inch ; and as hard-drawn copper, 
having a resistivity of about 1*6 microhm per cm. cube at 0° C, 
and a tensile strength of nearly 65,000 lbs. per square inch. 
Soft copper is, on account of its higher conductivity, preferred 
in all cases where mechanical strength is not of great import- 
ance. Hard-drawn copper is used in the case of overhead trolley 
wires and power transmission lines, telegraph and telephone 
lines. 

The great strength of hard-drawn copper wire resides mainly 
in its surface layers or skin ; hence in handling such wire great 
care should be taken to prevent any damage to the surface, such 
as scratches or abrasions. 

The temperature coefficient of copper varies with its density 
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and hardness between the limits of about '004 and '00428 per 
degree C. 

Copper melts at a temperature of about 1,080*^ C. 

In the case of conductors of large cross-section, in order to 
secure sufficient flexibility the conductor is made up of strands. 
The number of strands is generally so chosen that the cylindrical 
form of the conductor is roughly preserved. Hence the typical 
stranded conductor or cable consists of a single wire at the 
centre, surrounded by a number of cylindrical layers, each layer 
containing as many wires as can be got into the space available. 
This mode of construction leads to perfectly definite numbers of 
strands. These numbers are, in ascending order of magnitude, 
7, 19, 37, 61, 91. 

The copper wires used in winding armatures and magnet 
coils, instrument coils, &c., are generally provided with a double 
covering or lapping of cotton. This increases the diameter of 
the wire by about 10 mils. ('010 inch) for all sizes less than 
No. 18, by about 12 mils, for all sizes between Nos. 17 and 13, and 
by about 14 mils, for all sizes larger than No. 13 S.W.G. (standard 
wire gauge). The heavy copper conductors used in large arma- 
tures are frequently insulated with a thin paper lapping and a 
double braiding of cotton, the thickness of the covering being 
17 mils., so that the insulation increases each transverse dimension 
of the conductor by about "034 inch. 

In cases where the very highest tensile strength is required — 
as in very long spans across rivers or over valleys — alloys of 
copper with tin, known as hronzesy are employed, containing a 
small percentage of other elements. The best known bronzes 
for electrical purposes are j)ho8pho7'-bron2e, which contains minute 
quantities of phosphorus, and sUicon-bronze, which contains 
silicon. Such bronzes have tensile strengths varying from 65,000 
to 110,000 lbs. per square inch, and their conductivity is only 
slightly inferior to that of copper. 

§ 203. Aluminium and Steel. 

Aluminium has to some extent been used as a substitute for 
copper in the case of overhead power transmission lines. It is 
produced by the electrolysis of fused alumina, and aluminium 
works have been established in Scotland, France, Switzerland, 
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and the United States. The price of aluminium during the last 
few years has averaged about dE150 per ton. 

The density of aluminium is only about 2*6, and its resistivity 
at 0® C. about 2*7 microhm per cm. cube. Hence the weight of 
an aluminium conductor of given length and resistance will be 
only about half that of a copper one. 

The melting point of aluminium is about 660° C. Its tensile 
strength is about 20,000 lbs. per square inch. 

Steel is being largely used as a conductor in connection with 
electric tramways and railways. The ordinary running rails 
generally serve as the return conductor ; in the third-rail system 
an insulated rail, supported on porcelain insulators, serves as the 
positive conductor. The resistivity of steel containing only a 
small percentage of impurities is about six times that of copper. 
Steel rails cost about £8 per ton. 

§ 204. High Resistivity Alloys. Carbon. 

By using suitable proportions of various metals, it is possible 
to obtain alloys having a very high resistivity and a very low 
temperature coefiScient of resistance. Such alloys are suitable 
for the construction of resistance coils, and are very largely used 
for this purpose. Among the older alloys of this type may be 
mentioned platinum -silver a,nd Qeimxan silver (copper, zinc, nickel), 
whose resistivities are, roughly, about 20 times that of copper. 
The addition of a little tungsten to German silver yields an alloy 
known as platinoid^ whose resistivity is nearly 27 times that of 
copper. Another alloy of a similar kind is that known as eureka. 
Manganin (copper, manganese, nickel) has about the same resis- 
tivity as platinoid, but a much lower temperature coefficient (= '25 
X 10~* per degree C. ; that of platinoid being 3-1 X 10"*). 

Carbon is largely used in arc lamps, continuously variable 
resistances, dynamo brushes, and incandescent lamps. Con- 
tinuously variable carbon resistances consist of blocks of gas 
retort carbon. Arc lamp carbons are prepared by grinding gas 
retort carbon to a fine powder, mixing it intimately with gas tar 
to form a dough, passing this latter through a nozzle by hydraulic 
pressure,* cutting the rod so produced into lengths of about a 

* In making cored carbons, a die is used containing a central pin which causes 
the mixture as it is squeezed out to assume the form of a thick- walled hollow 
cylinder. The axial hole is then filled up with a softer material forming the " core." 
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yard, heating in a furnace so as to carbonise the whole, and 
finally cutting the carbon rod into the required lengths and 
pointing these. The same general method is used in the manu- 
facture of carbon brushes, but a larger variety of materials is 
employed in the original mixture, which, besides gas carbon, 
contains anthracite, graphite, soot, petroleum coke, and remains 
of arc lamp carbons. After having been made into a dough with 
tar, the mixture is moulded to the required shape, and carbonised. 
The blocks are then ground to the exact size required, and in 
most cases the part of the brush which is intended to fit into the 
holder is coppered, nickelled or silvered electrolytically, so as to 
enable good contact to be obtained with the body of the brush. 
The various grades (as regards hardness) of brush are obtained 
by varying the composition of the original mixture, and the 
temperature of the furnace in which carbonisation takes place. 
The price of carbon brushes is from lOi. to 2«. 6d. per cubic inch. 
Arc lamp carbons should be of uniform diameter and as nearly 
straight as possible. A bent carbon causes the crater to climb 
up its side, altering the distribution of the luminous flux and 
causing unsteady burning. The quantity of incombustible matter 
deposited in the form of ash should not exceed from 1 to IJ per 
cent, of the weight of carbon consumed. 

§ 205. Insulators. India-rubber. 

Insulators may be divided into two large classes, viz., hygro- 
scopic and non-hygroscopic ones. Among the most important 
insulators belonging to the latter class are india-rubber and 
gutta-percha. 

India-rubber was first introduced into Europe by the French 
explorer. La Condamine, who, in 1786, exhibited and described 
the properties of this material to the French Academy of 
Sciences. 

Eaw rubber is imported from Brazil, Africa and the Malay 
Archipelago. It is obtained by making incisions in the bark of 
certain trees, collecting the milky sap which exudes from the 
middle layers of the bark, and subjecting it to heat, which causes 
the sap to coagulate. The best quality of rubber is obtained 
from the province of Para, in Brazil. Pure Para rubber in the 
form of sheet or strip costs about 10«. per lb. 
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India-rubber has a composition represented by the empirical 
formula C4 H7. Its density varies from '92 to '96. It has a 
resistivity of about 11 X 10^** ohms per cm. cube at 24° C. 

It is totally insoluble in water, and is unacted on by alkalies, 
alcohol or dilute acids, but is attacked by strong nitric and sul- 
phuric acids and chlorine. It is also slowly attacked by oils, and 
by Portland cement. The best solvents for rubber are benzene, 
carbon bisulphide, turpentine, and coal-tar naphtha. 

When freely exposed to moist air, especially in the presence of 
light, rubber undergoes oxidation, and becomes very brittle. A 
rise of temperature has the effect of rendering it more plastic. At 
120*^ C. it begins to melt, undergoing decomposition into a viscous 
substance which does not readily harden again. 

Owing to its perishable nature, pure rubber is practically use- 
less in cases where it is exposed to the air. The durability of 
rubber may, however, be greatly increased by the process of 
vulcajiisation, invented independently by Hancock in England 
and Goodyear in America (1848). This process consists essen- 
tially in mixing the pure rubber with about ^th of its weight of 
sulphur and with various other ingredients (calcium carbonate, 
French chalk, zinc oxide, litharge, &c.), and subjecting the 
mixture to a temperature of from 120° to 150"" C. The com- 
pound so formed is mechanically much stronger, more durable, 
and able to withstand much higher temperatures than pure 
rubber. It is also very much cheaper, costing about 3«. per lb. 

The insulation of vulcanised india-rubber covered cables gener- 
ally consists of three distinct layers. Immediately surrounding 
the copper conductor is a double lapping of pure rubber tape ; 
then comes a layer of separator rubber, which consists of a 
mixture of rubber and zinc oxide ; and finally a thick layer of 
vulcanised rubber. The separator rubber is intended to prevent 
the sulphur contained in the outer layer from working its way 
through the pure rubber, thus reaching the conductor and 
attacking it. As a mechanical protection, a layer of vulcanised 
tape (cotton tape impregnated with vulcanised rubber) is laid 
spirally around the insulated conductor, and in addition an 
external braiding of hemp or jute saturated with a bituminous 
compound is generally provided. 

If rubber is mixed with about half its own weight of sulphur, 
and the mixture subjected to a temperature of 75° C, for several 
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hours under considerable pressure (4 to 5 atmospheres), a 
material is obtained which is known as ebonite, vulcanite, or 
hard rubber. This has a higher resistivity than pure rubber, and 
has none of the plasticity of the latter ; it is capable of being 
sawn or turned, and takes a very high polish. Ebonite is used 
to a very large extent in the construction of electrical instru- 
ments. When exposed to light it undergoes oxidation in moist 
air, a layer of acid being gradually formed over its surface. 
For this reason it should not be unnecessarily exposed to light, 
and should be kept in a dry atmosphere. Ebonite costs from 8«. 
to 6s. per lb. 

§ 206. Gutta-percha. 

Gutta-percha is the coagulated sap of certain trees which are 
to be found only within a limited region of the Malay Archi- 
pelago. In some respects it resembles india-rubber, but is easily 
distinguished from it by the important property which it 
possesses of becoming quite soft at a temperature of about 
65° C, when it may be easily moulded into any shape required. 
In common with india-rubber, it is rapidly attacked when 
exposed to the air in the presence of light, undergoing oxida- 
tion and becoming extremely brittle ; a similar effect is produced 
by allowing it to get wet and dry alternately. But when con- 
stantly immersed in water, and screened from light, it appears 
to be quite permanent, and exhibits no signs of decay. It is 
this feature which renders the material so valuable in connection 
with its most important application in electrical engineering — 
the insulation of submarine cables. Although rubber has to a 
small extent been used for the same purpose, its durability is a 
very doubtful factor. The wholesale price of raw gutta-percha 
has fluctuated from about Is. to about 6s. per lb., and depends 
largely on the quality. 

Chatterton's compound, which is used in jointing submarine 
cables, consists of 8 parts by weight of gutta-percha, 1 of 
Stockholm tar, and 1 of r^sin. Its price is about 6«. 
per lb. 

Gutta-percha has a density of about '98, and a resistivity of 
about 2 X 10' ohm per cm. cube. Its composition is represented 
by the empirical formula C^Hg. 
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§ 207. Mica. 

Mica is an extremely important insulator. It is non -hygro- 
scopic, perfectly fire-proof, possesses great dielectric strength and 
high resistivity. Its great disadvantage is its mechanical weak- 
ness. The price of mica is determined almost entirely by its 
quality and the size of the plates, raw mica costing from about 
Is. to Is. 6d. per lb., while large sheets cut to definite size may 
cost as much as 16s. per lb. Mica is mined in India, Canada, 
the United States, and some other countries. 

Chemically, mica is a mineral consisting in most cases of a 
double silicate of aluminium and potassium, with various other 
admixtures ; the potassium is in some specimens replaced by 
sodium or magnesium. Those varieties which contain potassium 
are either transparent or of a faint greenish, yellowish, reddish or 
grey colour ; if magnesium is present the colours are much more 
intense ; while the presence of iron in large quantities imparts to 
the mica a colour ranging from grey to black. Mica is characterised 
by the ease with which it may be split up into thin plates. 

One of the most important uses of mica is in the construction 
of commutators, where it forms the dielectric between the seg- 
ments. It is important to select for this purpose a brand of 
mica which will wear at about the same rate as the copper of the 
segments ; otherwise projecting ridges of mica will be formed 
which will cause sparking. Canadian ** amber " mica is found 
to answer this purpose best. 

Mica forms the main ingredient of various insulating materials, 
such as viicanife, which is prepared by cementing together small 
flakes of mica ; micanite cloth, and micanised paper. Another 
well-known insulator into whose composition mica enters largely 
is amhroin. This is prepared by mixing together fossil copal, 
mica and other ingredients, and heating the mixture under pres- 
sure. The resulting product possesses relatively great mechanical 
strength, and is an excellent insulator. It is used for the bobbins 
of field coils, containing boxes for secondary cells, switch bases, 
insulators for overhead wires, &c. 

§ 208. Porcelain, Marble and Slate. 

Porcelain is an artificial product, prepared by raising to a high 
temperature a very intimate mixture of kaolin or china clay (a 
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hydrated aluminium silicate), finely ground felspar, flint, and 
some other ingredients. The insulators supporting overhead 
wires are mostly made of porcelain, and among other uses of 
it may be mentioned switch bases and covers, lampholders, 
ceiling roses, &c. 

Marble and slate are valuable as incombustible and mechani- 
cally fairly strong insulators. They are largely used in the 
construction of switchboards, switches, resistance frames, &c. 



§ 209. Paraffin Wax, Ozokerite, and Bitumen. 

Paraffin wax is obtained by the distillation of lignite or peat. 
It is a mixture of several hydrocarbons of the parafl&n series, 
Cn H2» + 2. Its melting point is below 100° C, so that it could 
not possibly be used as an insulator where any considerable rise of 
temperature is likely to occur. If raised above 100° C. paraflSn 
begins to decompose, and its resistivity is greatly decreased. 
For this reason it should always be melted in a water-bath. 
Parafl&n wax is used as a coating for standard resistance coils, 
and for improving the insulating qualities of various materials, 
such as wood, by soaking them in it. 

Ozokei-ite, or earth wax, is a natural product found in Galicia 
and near Baku, on the Caspian 8ea. Like parafl&n wax, it is a 
mixture of hydrocarbons of the parafl&n series. 

Bitnmen, asphalt, or earth pitch, is found in Trinidad (also in 
India), where it forms lakes of large extent. Chemically, it 
consists of a mixture of hydrocarbons which have become modi- 
fied by the absorption of oxygen from the air. It is used as a 
filling for the troughs in which underground cables are laid. 
Chemically, bitumen is extremely inert, and this, in addition to 
its insulating properties, is one of its most valuable features. 
Unlike rubber, it is not attacked by rats or mice. Vulcanised 
bitumen is used as a covering for cables, and is a cheaper insulator 
than vulcanised rubber. 



§ 210. Fibrous Insulators. 

Besides non-hygroscopic materials like vulcanised rubber and 
vulcanised bitumen, various fibrous materials have been used for 
the insulating covering of cables. The most important of these 
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is paper. This is wound round the cable in a spiral, and when a 
suflScient number of layers have been wound on to give the 
necessary thickness of the insulating covering, the cable is dried 
and then soaked in an insulating compound. Since all fibrous 
materials are hygroscopic, cables of this type require a con- 
tinuous waterproof covering in order to exclude moisture, and 
such a covering is provided in the form of a lead sheathing, which 
is put on over the paper insulation. 

Cotton and silk are two fibrous materials largely employed for 
insulating the conductors and wires used in the construction of 
dynamos, instruments, &c. 

PresS'Spahn is a special kind of paper. Vulcanised fibre is also 
a form of vegetable fibre specially treated and consolidated under 
great pressure. 

Asbestos and various preparations of it are occasionally used 
as insulators, especially in cases where a fire-proof form of 
insulation is desired. Asbestos is a mineral consisting of 
silicates and aluminates of magnesium, calcium and iron, with 
variable proportions of the fluorides of calcium and potassium. 
It occurs in the form of long fibres. Owing to its hygroscopic 
nature it is not a very satisfactory form of insulator. 

Vulcabeston is prepared by mixing rubber with asbestos, and 
subjecting the mixture to a high temperature. It is only slightly 
hygroscopic, and is capable of withstanding a temperature as 
high as 300° C. without any change. It is obtainable in sheets 
of from 1 to 3 mm. thick, and is easily worked. 

§ 21L SheUac. 

Shellac is of great importance as an insulator, forming an 
ingredient of many insulating varnishes, and a useful insulating 
cement.* It is imported from Bengal, Ceylon, Burmah, Siam, 
and the Malay Archipelago. It is obtained from certain trees 
infested by an insect which punctures the bark and secretes a 
substance known as lac ; this it forms into a regular structure 
like a honeycomb, depositing its eggs in the cells. The insect 
never leaves the twig which it has punctured, and dies after 
having formed the incrusting mass containing the eggs. This 

* Shellac also forms an ingredient of sealing-wax, of the lacc^uers used for 
coating metal work, and of Indian ink. 
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mass consists partly of the fluid secreted by the insect, partly of 
the sap which has exuded from the tree. The twigs are collected, 
broken up into short lengths (known as stick Ictc), and the 
incrustation detached by passing a heavy roller over them. A 
red dye, known as lac dye, having been extracted from the 
incrustation by treating it with hot water, the remaining portion 
(known as seed lac) is subjected to a roasting process and formed 
into the shellac of commerce. Shellac readily dissolves in 
alcohol, forming the well-known shellac varnish; this also 
contains various other ingredients. 
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ANSWERS TO EXAMPLES. 

Chapter!.— 1. 12 ohms; 2. 8-2 pence; 8. 6*7 h.p. ; 4. 8,182 
amperes; 5. •00324 lb. weight; 6. 6*8 microcoulombs ; 7. 
3-08 lbs. 

Chapter II.— 1. 63 and 78*8, 1818 ; 2. 148 ; 8. 1'14 micro- 
coulombs ; 4. 2,230 C. G. S. lines / sq. cm. ; 5. 17*3 watts. 

Chapter III. — 1. 6,840 ampere-turns ; 2. 4,480 ampere- turns ; 

3. -01 ohm; 4. 21fr5 lbs. 

Chapter VI.— 1. 480 volts; 2. 4-6 X 10«; 8. 15,800; 4. 502, 
506, 514, 518, 526, 530, 538, 642, 550. 
Chapter VII.— 1. 1-8 volts; 2. '00183 sec; 3. '000988 sec; 

4. 1,260 watts; 5. 1,530; 6. 4,320. 

Chapter VIII.— 1. 59'9 lb. ft. ; 2. 456 volts ; 3. 1,007 r.p.m. ; 
4. 547 lbs. weight. 

Chapter IX. — 1. About 15 ins. ; 2. from 7 to 9 ins. ; 3. 
18-1 X 10«; 4. about ^6300, about 90 cwt. 

Chapter X.— 1. 535; 2. 1,930 ampere-turns; 8. 7,330; 4. 
1,485; 5. (a) 1,192, (b) 953. 

Chapter XL— 1. 97*14 per cent.; 2. 8'2 b.h.p.; 3. 84'8 per 
cent. ; 4. 87 per cent. ; 5. 93 per cent. 

Chapter XIII. — 1. (a) 162'8 ampere-hours, {b) 91'2 per cent., 
(c) 77'2 per cent. ; 2. (a) 85'2 ampere-hours, (b) 91 per cent., 
(c) 68-5 per cent. ; 3. (a) 2,020 lbs., (b) £163 12«. ; 4. {a) about 
87i*ton8, (6) about i- 2,000, (c) about 1,200 sq. ft. 

Chapter XV.— 1. 1,697 c.p,; 2. 16c.p.; 3. '237 candle-foot; 
4. as the •414th power of the current. 
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Absorption ynamometer, eddy-current, 179 ; Soames, 177 

Accunrulators, 206 ; care of, 219 ; testing of, 217 ; room for, 222 

Acid, density of, in secondary cells, 209 

Ageing of magnets, 14 

Air, damping device for measuring instruments, 58 ; -friction loss in 

dynamos, 175 
Air-gap of dynamo, 85 ; calculation of reluctance of, 161 
Aluminium, 309 ; -cell, 196 
Ambroin, 314 

Ammeter, elcctrodynamic, 43 ; moving coil, 50 ; soft iron, 52 
Ampere, 7 ; -conductors per unit length of armature circumference, 157 ; 

-hour, 7; -hour efficiency of secondary cell, 218; -turns, 16; -turns 

required to produce given flux, 34 
Arc, 234 ; crater of, 235 ; distribution of potential in, 236 ; -lamps, 239 ; 

-lamp carbons, 238, 310, 311; -lighting dynamo, 196; temperature of, 

237 ; arcing at switch contacts, 289, 293 
Armature, 13, 85 ; -conductors, problem of connecting, 87 ; -core, 84, 143, 

172; -e.m.f., calculation of, 100; -reaction, 115, 164; speed of, 150 
Aron clock meter, 77 
Asbestos, 316 
Asphalt, 315 

B. 

B, 9 ; determination of, 18 ; B-H curve, 11, 22 

Back- e.m.f. of motor, 126 ; backward lead of brushes in motor, 140 

Balance, of e.m.f.s. in lap winding, 89, 123 ; in wave winding, 94 ; Kelvin, 43 

Ballistic, galvanometer, 8, 20 ; -ring method, 15 

Bar windings, 101 

Bastian mercury vapour lamp, 252 

Batteries, secondary, 206 ; switches for, 283, 290 

Bearings, 154 ; friction loss in, 175 

Binding wires, 148 

Bitumen, 315 

Blondel flame arc Isimp, 249 

Board of Trade unit, 7 
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Booster, 216 ; automatic reversible, 225 ; Crompton-Maclntosh, 229 ; Entz, 

231 ; Highfield, 228 ; Pirani, 226 
Bougie, d^ciiuale, 268 ; -m^tre, 268 
Brakes, testing, 177, 179 ; brake-wheel arc lamp, 245 
Bremer arc lamp, 246 
Brightness, 263, 267 
British candle, 268 

British Thomson-Houston circuit-breaker, 295 ; knife-switch, 288 
Bronzes, 809 

Buffer battery, 224; uses of, 225 
Bus bars, 288 

C. 

Calibration of measuring instruments, 61, 67 

Campbell, compensating device for ammeters, 51 

Candle, 263, 264; -foot, 268 

Capacity, units of, 3, 7 ; -of secondary cell, 211, 217 

Carbon, 310 ; -brushes, 97, 311 ; controller for booster, 231 ; -filament lamp, 

253 ; arc lamp carbons, 288, 811 
Carbone arc lamp, 250 
Carcel, lamp, 268 ; -m^tre, 268 
C. G. S. system of units, 1 
Chamberlain and Hookham meter, 72 
Characteristic, 128 ; -of luminous source, 277 
Charge, units of, 1, 7 ; -and discharge curves of secondary cell, 209 ; methods 

of charging secondary cells, 215 
Chatterton's compound, 813 
Chemical changes in secondary cell, 207 
Circuit-breaker, 294 
Clock meter, 77 

Closed -coil armature winding, 89 
Coercive force, 80 
Coil windings, 101 
Commutating poles, 119 
Commutation, 105 
Commutator, 96, 97 ; construction of, 150 ; -friction loss, 174 ; speed of, 150 ; 

temperature rise of, 176 
Compensating winding, 199, 205 
Compound winding, 128, 133 
Conductors, 308 
Constant current dynamos, 192 
Controller, 283 
Cooper Hewitt lamp, 251 
Copper, 308 ; -voltameter, 62 
Core, armature, 143 ; -losses, 172 
Cosine law in photometry, 267 
Cost, of ammeters and voltmeters, 56 ; -of dynamos, 155 ; -of secondary 

cells, 224 ; -of supply meters, 82 ; -of switches, 306 
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Coulomb, 7 ; -meter, 69 

Counter-e.m.f. of motor, 126 

Crater of arc, 235 

Crompton & Co., arc lamp, 245 , booster, 229 ; circuit-breakers, 296, 802, 

304; equalising rings, 146; turbo-generator, 198 
Cross-field due to armature current, 116 
Current, units of, 1, 7 ; -density in armature conductors, 167 ; -at brush 

contacts, 110 ; -in field coils, 157 
Curve of corrections, 62 



D. 

Damping, air, 63 ; electromagnetic, 48 ; oil, 42 

Defiectional instruments, 89 

Demagnetising, eflFect due to armature current, 117 ; -force, 12 

Density of acid in secondary cells, 209 

Differential, booster, 227 ; -compound winding for motors, 184 ; -gear of 

Aron meter, 80 
Discharge, electric, due to change of flux, 6 
Distortion of field by armature current, 116, 118 
Drivers for armature conductors, 200 
Drum windings, 100 
Dynamos, 83 



E. 
Earth pitch 315 
Ebonite, 313 

Economiser of flame arc lamp, 249 
Eddy-currents, 74, 77, 85, 86 ' 
Edgewise instruments, 54 
Efficiency, of dynamos, 175, 177; -of luminous sources, 276, 280; -of 

secondary cells, 218 
Electric, balance, 43 ; -supply meters, 68 
Electrolytic meter, 69 

Electromagnetic, C. G. S. system of units, 1 ; -induction, 6 
Electromagnets, 9 
Electromotive-force or e.m.f., 2, 7 ; changes in, of secondary cell, 209 ; -of 

dynamo, 87, 100 
Elliott Bros., recording instrument, 56 
Enclosed arc lamp, 242 
Energy, efficiency of secondary cellsi 218; -loss during magnetic cycle, 24 ; 

•meter, 69, 78 ; units of, 7 
Entz carbon controller for booster, 231 
Equalising connectionB or rings, 121, 146 
Error curve, 62 
Eureka alloy, 310 

O.C.B. Y 
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F. 
Fabad, 7 
Faure plates, 214 
Ferranti-Hamilton meter, 75 
Field, coil, 88 ; -core, 88 ; -distortion, 116 ; -ma^ets, 88 ; -rheostat, 182 ; 

-switches, 284, 292 ; -winding, 127, 158 
Field's efficiency test, 182 
Flame arc lamps, 247 

Fleming, rule for force on conductor, 4 ; incandescent lamp standard, 265 
Flicker photometer, 271 
Floor space required for secondary cells, 224 
Flux distribution in air-gap of dynamo, 159 
Former-wound armatmre coils, 102 
Forming of plates of secondary cell, 214 

Force, between two parallel wires, 5 ; -on conductor in magnetic field, 3 
Full-load losses in dynamo, 174 
Fuses, 805 

G. 

Gassing, of secondary cell, 208 

German silver, 810 

Gladstone and Hibbert, e.m.f. of secondary cell, 209 

Globe photometer, 272 

Gramme winding, 100 

Gutta-percha, 818 

H 

H, 11 ; calculation of, from ampere-turns, 16 

Hard rubber, 818 

Hatfield, electrolytic meter, 70 

Heating effect of current, 2 

Hefner unit, 268, 265 

Hemispherical intensity, 280 

Hibbert, density of acid and e,m.f. of cell, 209 

Highfield, booster, 228 

Hobart, reactance voltage, 111 

Hopkinson, efficiency test, 184 ; leakage coefficient, 36 

Horizontal intensity of luminous source, 28Q 

Horse-power, 7 

Hospital cells, 221 

Hysteresis, 15, 29 ; compensation for, 82; disappearance of, 80; effects of, 

in soft iron instruments, 81 ; -loop, 22, 28 ; loss of energy by, 24, 172 
Hysteretic coefficient, 27 

I. 
Illttminatbd dial instruments, 54 
Illumination, 268 ; unit of, 268 ; -photometer, 268, 275 
Incandescent lamps, 258 ; -used as secondary photometric standards, 265 ; 
-with metallic filaments, 257 
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Indiarubber, 811 

Induction, electromagnetic, 6 ; magnetio, 9 ; -in dynamos, 157 

Instruments, meewuring, 89, 48 

Insulators, 811 

Integrating ammeter, 69 

Intensity, luminous, 262 ; mean hemispherical, 280 ; mean spherical, 26il ; 

polar curve of, 277 
Intensive arc lamps, 247 
Internal short-circuits in secondary cells, 221. 
Interpoles, 119 
Intrinsic brilliancy, 268 
Inverse square, law of, in photometry, 266 



Jandus arc lamp, 168 

Joule, 7 

Journals of dynamos, 142 

K. 

Kallmann's narrow range voltmeter, 68 

Keeper of magnet, 18 

Kelvin balance, 48 

Kilovolt, 7 

Kilowatt, 7 

Knife switches, 287 

Korting and Mathiesen clockwork lamp, 240 

L. 

Laminated contact switches, 289 

Lamination of armature core, 85 ; -of booster field, 282 

Lamps, arc, 240 ; incandescent, 258 ; life of, 281 

Lap winding, 89; -compared with wave winding, 95, 120; method of 

balancing lap- wound armature, 128 ; path of current through, 97 
Lead of brushes, 115 
Leakage, magnetic, 85 ; -coefficient, 86 
Leaky magnetic circuit, 85 
Leuz's law, 6 
Lewis flame arc lamp, 247 
Life of incandescent lamps, 281 
Limited scale voltmeters, 57 
Lister, eddy-current brake, 179 
Losses in dynamo, 170 
Lumen, 267 ; -meter, 268 

Luminous, flux, 268 ; unit of, 267 ; -intensity, 262 
Lummer-Brodhun photometer, 969 
Lux, 268 
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M. 

Maonbtic, circuit, 88 ; -force, 10 ; units of magnetic force, 17 ; -force due to 
long straight conductor, 6 ; -induction, 9 ; -leakage, 86, 86 ; -properties 
of materials of construction, 22 

Magnetisation curve, 11, 22, 80 

Magnetite arc lamp, 250 

Magnetomotive-force or m.m.f., 4 

Magnets, permanence of, 18 

Manganin, 810 

Marble, 815 

Maximum current circuit-breakers, 294 

Mean, hemisphericcJ luminous intensity, 280; horizontal intensity, 280 
spherical intensity, 262 

Mechanical, characteristics, 128 ; -friction losses in dynajnos, 174 

Megohm, 7 

Mercury vapour lamps, 261 

Metallic filament incandescent lamps, 257 

Meters, 68 

Mica, 814 

Micanite, 814 

Micro-ampere, 7 

Microhm, 7 

MiUi-ampere, 7 

Minimum current circuit-breakers, 802 

Morganite brush. 111 

Morris and lister's eddy-current braJce, 179 

Motors,' 125 ; compound, 184 ; series, 180 ; shunt, 182 

Motor meters, 72 

Motor-starting switches, 185 

Moving-coil instruments, 47, 52 

Multicellular voltmeter, 40 

N. 

Naldbb Bros. & Thompson, soft iron instrument, 52 
Negative plate of secondary cell, 207 
Nernst lamp, 265 ; -resistance, 58 
Normal B-H curve, 80 
No-voltage magnet, 187 

0. 
Ohm, 7 ; Ohm's law, 2, 8 
Osmium lamp, 259 
Output, coefficient, 150; -of armature as depending on dimensions and 

speed, 149 
Overload, chrcuit-breaker, 294 ; -magnet, 187 
Ozokerite, 815 
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P. 
Paper, 816 

Paraffin wax, 816 • 

Parsons & Co., turbo-generators, 198, 205 

Pasted plates for secondary cells, 214 

Pentane standard, 264, 265 

Peripheral speed, of armatures, 150 ; -of commutators, 150 ; -of journals, 142 

Permanent magnets, 14 

Permeability, 22 

Photometers, 268 

Photometric units, 268 

Physical changes in secondary cell, 208 

Pirani booster, 226 

Pitch of winding, 91 

Plants plates, 218 

Plates of secondary cells, types of, 218 

Platinoid, 810 

Platinum-sQver, 810 

Plug switches, 287 

Polar curve of luminous intensity, 277 

Pole-pitch, 88 

Poles of dynamo, 84, 152 

Pole- shoes, 84 ; losses in, 178 

Porcelain, 314 

Positive plate of secondary cell, 207 

Potential, difference, 1, 7; -drop, over brush contacts, 110, 171; -drop, 

magnetic, in air-gap, 161 ; in armature core, 159 ; in field core and yoke, 

168 
Potentiometer, 68 
Power, units of, 2, 7 
Press-spahn, 816 
Prices, of dynamos, 155 ; -of instruments, 56 ; of lamps, 259 ; -of meters, 

82 

Q. 

Quantity, units of, 1, 7 ; -meter, 69 
Quick-break switches, 289 

B. 

Baoing of series-wound motor, 181 

Badiation, 261 

Beactance^voltage, 106 ; calculation of, 111 

Beason Manufacturing Co/s meter, 69 

Beoording instruments, 55 

Bectilinear law of current change in ideal commutation, 106 

Beduction factor of incandescent lamps, 281 

Be-entrant armature winding, 89 

Begulating switches for batteries, 290 
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Reluctance, 88 

Beluctiyity, 88 . 

BesiduaJ induction, 80 

Besistance, 2, 8 ; -of brush contact, 110, 171 ; -of measuring instruments, 

54 ; -of secondary cell, 218, 219 ; units of, 7 
Besistivity, 8 
Betentiveness, 18 

Beverse-current, circuit-breakers, 808 ; cut-out, 196 
Beversing e.m.f. obtained by forward brush lead, 114 
Beversing poles, 119 

Bing, for ballistic tests, 16, 16 ; -winding, 100 
Bosenberg's dynamo, 192 
Bou8seau*s construction, 278 
Bubber, 811 

S. 

Sbcondabt cells, 206 ; care of, 219 ; containing boxes for, 222 ; stands for, 

222 ; testing of, 217 
Self-inductance e.m.f., 108 

Series, generator, 128 ; -motor, 180 ; testing of series motors, 182, 186 
Shafts of dynamos, 142 
SheUac, 816 

Short-circuiting of armature coils by brush, 104, US 
Shunt, for ammeter, 51 ; -winding, 128, 181 
Simmance-Abady, flicker photometer, 271 ; pentane St^dard, 264 
Slate, 816 

Slots in armature core, 86 ; iflsulfttton of, 146 
Soames' testing brake, 177 
Soft iron instruments, 52 
Solenoid, standard, 19 
Spacing discs for armature core, 145 
Sparking at commutiitor, 107 
Spectrum, 261 

Speed, of motor, 127, 189 ; -of armature, 150 
Spherical, intensity, 262 ; -reduction factor, 281 
Spider, 144 

Standard, instruments, 89 ; -solenoid, 19 
Starting resistances for motors, 186 
Steadying resistance for arc, 289 
Steel, 810 

Steinmetz, hysteresis loss, 27 ; magnetite arc, 250 
Storage cells. See Secondary cellB. 
Stress between magnetised surfaces, 07 
Sulphating of cells, 211 
Supply meters, 66 
Swinburne, efficiency test, 168 

Switches, 268; design of, 264; mechanlMd eonstniction of, 287; metdr 
starting, 186 
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T. 
Tantalum lamp, 258 

Teeth, armatare, dimenBions of, 146 ; drop of magnetio potential in, 159 
Temperature rise, calculation of, 175 ; experimental determination of, 189 
Testing of generators, 181 ; -motors, 177 ; -secondary cells, 217 
Thermal release for switches, 801 
Thury system of power transmission, 129 
Time-limit devices for switches, 800 
Torque of motor, 126 
Train lighting dynamo, 194 
Tramway motors, testing of, 182, 186 
Trotter, illamination photometer, 275 
Turbo-generators, 197 

U. 
Ulbricht, globe photometer, 272 
Uniform source of light, 262 
Union Electric Co.'s arc lamp, 240 
Units, 1, 7 

V. 

Vbntilatino, gaps, 146 ; -space-blocks, 145 

Yemon-Harcourt pentane standard, 265 

Volt, 7 ; -box, 68 

Voltmeters, 40, 49, 52, 57, 58 

Vulcabeston, 816 

Vulcanised, bitumen, 816^; -fibre, 316; -rubber, 812 

Vulcanite, 818 

W. 
Watt, 7 

Watt-hour efficiency of secondary cell, 218 
Wave winding, 98 ; comparison with lap winding, 95, 120 ; path of current 

through, 99 
Weight, of dynamos, 155 ; -of secondary cells, 228 
Weston moving-coil instruments, 47 
Windings, armature, 89, 98, 95, 120 
Wood separators for secondary cells, 221 
Wright electrolytic meter, 70 



Y. 
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Zbbo instruments, 89, 46 
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bodying Practical Notes on Installation Management. Second Edition, with 
additional chapters. With numerous Illustrations. 12mo, doth. $2.00. 

Electroplating. Fourth Edition. 12mo, doth. $2.00. 

Electrotyping. 12mo, doth. $2.00. 
WADE, E. J. Secondary Batteries: Their Theory, Construction, and Use. With 
innumerable Diagrams and Figures. Svo, doth. Illustrated. Net, $4.00. 

WALKER, FREDERICK. Practical Dynamo-Building for Amateurs. How to 
Wind for any Output. Blustrated. 16mo, doth. (No. 98 Van Nostrand's 
Science Series.) 60 cents. 

WALLING, B. T., Lieut-Corn. n.S.N., and MARTIN, JULIUS. .Electrical Installa- 
tions of the United States Navy. With many Diagrams and Engravings. 
In press. 

WATT. Electroplating and Refining of Metals. Svo, doth. Illustrated. Net, 
$4.50. 
Electro-Metallurgy. Eleventh Edition. 12mo, cloth. $1.00. 

WEBB, H. L. A Practical Guide to the Testing of Insulated Wires and Cables. 
Illustrated. 12mo, cloth. $1.00. 

WEEKS, R. W. The Design of Alternate-Current Transformer. New Edition. 
In press. 

WEYMOUTH, F. MARTEN. Drum Armatures and Commutators. (Theory and 
Practice.) A complete treatise on the theory and construction of drum- 
winding, and of commutators for closed-coil armatures, together with a full 
r^um4 of some of the principal points involved in their design; and an 
exposition of annature reactions and sparking. Illustrated. 8vo, doth. 
$3.00. '• 

WILKINSON, H. D. Submarine Cable-Laying, Repairing, and Testing. Svo, 
doth. Reprintmg. 
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